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PREFACE 
The January 1968 Semi-Annual Report c o n s i s t s  of  a Master's Degree 
Thesis  by T. McNicholas, which reviews i n  depth t h e  a n a l y s i s  of m e t a l l i c  
adhesion data obtained from iron-65 p a r t s  p e r  m i l l i o n  carbon couples.  
t o  t h e  b read th  of t h e  information contained i n  t h i s  t h e s i s ,  including a 
d i scuss ion  of t h e  automatic t e s t i n g  technique, continuous recording of contact  
r e s i s t a n c e  ve r sus  load  d a t a ,  t h e o r e t i c a l  i n t e r p r e t a t i m  of  t h e s e  curves and 
t h e  i n i t i a l  p r e s e n t a t i o n  of i n t e r f a c i a l  creep d a t a  with a t e n t a t i v e  a n a l y s i s ,  
it w a s  f e l t  t h a t  f u r t h e r  e x p l o i t a t i o n  of t h e  d a t a  contained t h e r e i n  ought t o  
remain un t i l  t h e  confirming u l t r a  pure i r o n  s t u d i e s  a r e  complete, 
Due 
The u l t r a  pure i r o n  ( 8  ppm carbon) i n v e s t i g a t i o n s  which w i l l  be i n i t i a t e d  
i n  t h e  near  f u t u r e  w i l l  serve t o  t e s t  t he  proposed a n a l y t i c a l  techniques f x  
con tac t  area change with load  and with t i m e  a t  constant  l oad  as desc r ibed  
i n  t h e  t h e s i s .  I n  t h e  event t h a t  a n a l y t i c a l  consis tency between t h e  two 
material systems i s  found f o r  t h e s e  prel iminary exp lo ra t ions ,  a more 
q u a n t i t a t i v e  s tudy of each of t h e  various a spec t s  w i l l  be undertaken, For 
example, t h e  r e s u l t s  of t h e  Fe-65ppm carbon study i n d i c a t e  t h a t  t h e r e  ex i s t s  
t h r e e  s i g n i f i c a n t  s t a g e s  i n  t h e  deformation of a s p e r i t i e s  as two bulk su r faces  
are brought t oge the r .  The f i r s t  i s  involved i n  brfnging t h e  number of po in t  
con tac t s  t o  an equ i l ib r ium s ta te  such t h a t  t h i s  number i s  c m s t a n t ;  and t h e r e f o r e  
t h e  recorded information r e f l e c t s  t h e  s ta te  of deformation a t  t h e  i n t e r f a c e ,  
This should be t r u e  f o r  a l l  systems i r r e s p e c t i v e  of t h e  chemistry of t h e  
system. The second s t a g e ,  o r  t h e  steady s t a t e  deformation of t h e  a s p e r i t i e s  
a t  a constant  number of con tac t  p o i n t s ,  i s  due t o  t h e  bulk deformation of t h e  
m a t e r i a l  i n  t h e  a s p e r i t i e s  which may, or may not  be a func t ion  of  t h e  chemistry 
of t h e  system. Since t h e  following s tud ie s  only in t end  t o  3-ai-y t h e  
carbon content  of t h e  sytem, one might suspect  t h a t  t h i s  s t age  ought 
t o  be similar whether or not  carbon i s  present  p a r t i c u l a r l y  when t h e  
carbon can only be present  i n  a few atomic l a y e r s  (Fe-65ppm C )  The 
t h i r d  s t a g e ,  creep,  may a l s o  be a l t e r e d  i n  t h e  u l t r a  pure i r o n  case  s i n c e  
c reep  i s  expected t o  involve t h e  s u r f i c i a l  l a y e r s  of t h e  a s p e r i t i e s  i n  
expanding t h e  r e a i  contac t  area pe r  u n i t  t ime.  
Probably t h e  u l t ima te  t e s t  of t h e  proposed a n a l y s i s ,  however, w i l l  
be t h e  correspondence of t h e  observed contact  r e s i s t a n c e  curve wi th  t h e  
t h e o r e t i c a l  curve u t i l i z i n g  t h e  bulk r e s i s t i v i t y  of u l t r a  pure i r o n  
r a t h e r  t han  t h a t  used f o r  t h i s  i n v e s t i g a t i o n ,  c f ,  t e x t .  
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ABSTRACT 
The metallic adhesion characteristics of an iron-65ppm carbon 
couple were investigated using the technique of Johnson and Keller 
which was refined by a continuous recording of the contact resistance 
and load data on an x-y recorder. 
closely theoretical curves which consider surface asperity phenomena. 
Bulk metallic adhesion was not characteristic of the system; to explain 
this, a model of carbon contamination of the surface by bulk diffusion 
is suggested. Creep processes found in the plastic range of the asperities 
are outlined and found to be in agreement with bulk plastic values, 
Contact resistance results approximate 
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I INTRODUCTION 
A d e t a i l e d  d e s c r i p t i o n  of adhesion phenomena inc ludes  a p r e c i s e  
pre-contact  c h a r a c t e r i z a t i o n  of t h e  two f r e e  su r faces  concerned, t h e  
morphology and e n e r g e t i c s  of t h e  contac t ing  process ,  and t h e  mechanism 
of j u n c t i o n  f a i l u r e  when t h e  system i s  p laced  i n  t e n s i o n  (1,2)0 The 
purpose of  t h i s  experimental  i n v e s t i g a t i o n  i s  a d e t a i l e d  examination 
of t h e  va r ious  s t ages  of t h e  adhesion process ,  by u t i l i z i n g  t h e  v a r i a t i o n  
of  t h e  con tac t  r e s i s t a n c e  between two ul t ra  pure i r o n  samples contaminated 
wi th  65 p a r t s  p e r  m i l l i o n  (ppm) carbon. The in t roduc t ion  of' t h i s  paper 
has been subdivided t o  correspond t o  those a reas  of' p a r t i c u l a r  i n t e r e s t  
t o  m e t a l l i c  adhesion and t o  t h e  means of experimental  observa t ion .  
M e t a l l i c  Adhesion 
Understanding t h e  phenomena accompanying t h e  contac t  of two solid 
m e t a l l i c  su r f aces  i s  of immense s c i e n t i f i c  and engineer ing i n t e r e s t  ( 3 ) c  
D i r e c t l y  concerned are t h e  economically important processes  of f r i c t i o n ,  
l u b r i c a t i o n  and wear of m e t a l l i c  components, as w e l l  as su r face  i n t e r -  
a c t i o n s  involved i n  machining, m e t a l  forming and Jo in ing ,  and powder 
m e t a l l u r g i c a l  techniques.  With technology cont inuing t o  extend t h e  l i m i t s  
of our  kplowledge, t h e s e  processes  have been subjec ted  t o  g r e a t e r  and 
g r e a t e r  'demands as new m a t e r i a l s  become a v a i l a b l e  and opera t ing  condi t ions  
are expanded t o  inc lude  more complex designs and extreme environments (4). 
The underlying p r i n c i p l e s  of each t o p i c ,  however, appear t o  have been 
developed l a r g e l y  as an independent e n t i t y ,  such t h a t  t h e  cu r ren t  t h e o r i e s  
of a p a r t i c u l a r  d i s c i p l i n e  r e f l e c t  only t h e  r e l evan t  d e t a i l s  of t h a t  
8 
2 
p a r t i c u l a r  process  ( 5 ) ,  as a consequence, many of  t h e  processes  appearing 
t o  be divergent  are a c t u a l l y  related t o  t h e  oqe b a s i c  mechanism, i - e ,  
s u r f a c e  contact  phenomena. The phenomena of adhesion, which i s  def ined 
as t h e  n a t u r e  of t h e  a t t r a c t i v e  f o r c e  between two su r faces  (11, t r e a t s  
t h i s  ve ry  problem from a fundamental aspect .  Therefore,  t h e  p r i n c i p l e s  
of  t h e  mechanism of m e t a l l i c  adhesion can and a r e  used, i n  p a r t ,  t o  account 
f o r  some of t h e  surface i n t e r a c t i o n  processes which a r e  involved i n  f r i c t i o n  
and w e a r ,  and numerous m e t a l l i c  bonding, removal and forming ope ra t ions ,  
One example of such an app l i ca t ion  wi th in  t h e  l as t  20 yealhs i s  t h e  
i n t e r d i s c i p l i n a r y  approach ( 6 , " )  t o  f r i c t i o n  which has been very f r u i t f u l  
i n  e l u c i d a t i n g  t h e  r e l a t i v e  s ign i f i cance  of  t h e  v a r i e d  a s p e c t s  of t h i s  
process  
Because of t h e  l i m i t s  o f  s c i e n t i f i c  technology, c l a s s i c a l  workers 
der ived a theo ry  of f r i c t i o n  based on t h e  macro p r o p e r t i e s  of  t h e  system, 
F r i c t i o n  was considered t o  be  t h e  fo rce  r e q u i r e d  t o  l i f t  a s p e r i t i e s ,  o r  
s u r f a c e  m i c r o - i r r e g u l a r i t i e s  , over one another  Amontons (1699) compared 
t h e  l i f t i n g  of a s p e r i t i e s  t o  t h e  r a i s i n g  of  a load  on an i n c l i n e  p l ane ,  
Coulomb (1785) r e f i n e d  t h e s e  geometrical  and mechanical concepts f u r t h e r  
by consider ing t h e  entanglement of asperit ies on each s u r f a c e ,  Three 
imper i ca l  l a w s  were resolved from t h e  c l a s s i c a l  t h e o r i e s  ( 8 ) :  
1. The f r i c t i o n  fo rce  i s  d i r e c t l y  p ropor t iona l  t o  t h e  load ,  
2 .  The f r i c t i o n a l  fo rce  for a cons tan t  l oad  i s  independent 
of t h e  apparent area of  con tac t ,  
3. The f r i c t i o n a l  f o r c e  depends upon t h e  na tu re  of t h e  materials 
i n  con tac t .  
3 
However, 
energy during 
t h e s e  r e l a t i o n s  d i d  not  exp la in  t h e  observed l o s s e s  of 
s l i d i n g .  When t h e  laws of p l a s t i c  and e l a s t i c  deformation 
of  s o l i d s  evolved and were appl ied t o  t h e  manner i n  which a s p e r i t i e s  de- 
formed, it became c l e a r  t h a t  t h e  a c t u a l  con tac t  of  s u r f a c e s  w a s  indeed 
c o n t r o l l e d  by t h e  same mechanisms. 
t o  t h e  i r r e v e r s i b l e  deformation of one set  of a s p e r i t i e s  by another ,  a 
second primary d i s s i p a t i v e  process arose from t h e  breaking of adhesion 
a t  t h e  p o i n t s  of cold-welded con tac t .  The a t t r a c t i v e  f o r c e  between atoms 
i n  t h e  con tac t  i n t e r f a c e  w a s  thought t o  e x i s t  j u s t  as do t h e  a t t r a c t i v e  
and r e p u l s i v e  f i e l d s  surrounding an atom i n  a s o l i d  which supports  a 
normal l o a d  (9, lO) 
Tabor ( 2 )  recognized t h a t  i n  a d d i t i o n  
The g e n e r a l l y  accepted concept of t h e  f r i c t i o n  f o r c e  (F) between 
un lubr i ca t ed  s u r f a c e s  ( 7 )  can be expressed as t h e  sum of two f o r c e s  r e s i s t i n g  
t a n g e n t i a l  motion; e.g.  t h e  f o r c e  required t o  shear  adhesion j u n s i o n s  (F ) 
and t h e  f o r c e  t o  plow a s p e r i t i e s  through each other  ( F D ) "  
A 
FAdhesion + FDeformation F =  EQUATIOM 1 
If both t h e  adhesion and "plowing" term are considered t o  a c t  independently,  
t h e  deformation term can be expressed as P, and t h e  adhesive term as a 
func t ion  of  t h e  r ea l  con tac t  area A and t h e  average f o r c e  ( s )  r equ i r ed  t o  
shear  t h e  material b r idg ing  t h e  gap between s u r f a c e s ,  
F = A s + P  EQUATION 2 
Because o f  t h e  importance and consistancy of t h i s  r e l a t i o n ,  t h e  main m r i a b l e s  
and t h e i r  e f f e c t s  on t h e  t o t a l  f r i c t i o n  f o r c e  have been sc ru ten ized  i n  d e t a i l  
by numerous workers (11). Most of the r ecen t  r e sea rch  e f f o r t  has been exe r t ed  
4 
towards a be t te r  understanding of  t h e  r e a l  con tac t  a r e a  ( 1 2 )  , t h e  shear 
s t r e n g t h  of t h e  adhesive i n t e r f a c e  and t h e  adhesive f o r c e  between sur- 
f a c e s  (ll), i n t e r a c t i o n  of A and s with each o t h e r  and with t h e  deformation 
term (13), and t h e  deformation term i t s e l f  ( 1 4 ) .  
Bowden, Tabor ( 7 )  and S t e i j n  (15)  have shown t h e  adhesion term t o  be 
t h e  preponderant f a c t o r  un le s s  masked by g ross  su r face  contamination and/or 
extremely high loads .  Using a mechanical t r ea tmen t ,  Goddard and Wilman (14) 
der ived  s e v e r a l  r e l a t i o n s  involving the  deformation term, which have been 
cha rac t e r i zed  and expanded by t h e  experimental  work of S t e i j n  (15) and 
o t h e r s  (16~7). 
qu i red  from d a t a  on t h e  movement of a diamond s t y l u s  of" 7 6 p  r ad ius  over 
t h e  s u r f a c e  of a p o l y c r y s t a l l i n e  copper p l a t e  (15,10 
This aspect  i s  exemplified by t h e  p l o t  i n  Figure 1, ac- 
Such i n v e s t i g a t i o n s  i l l u s t r a t e  t h e  s i g n i f i c a n c e  of t h e  adhesion term, 
and consequently t h e  adhesion process .  Since most r ea l  f r l c t i o n  a p p l i c a t i o n s  
involve much l i g h t e r  l oads  than  those  i l l u s t r a t e d ,  a higher  dependence on 
t h e  adhesion term i s  expected. 
M e t a l l i c  Adhesion Theory 
Keller (18) r e c e n t l y  c l a s s i f i e d  the  techniques f o r  t h e  a n a l y s i s  of 
m e t a l l i c  adhesion d a t a  i n t o  f o u r  sub-groups : i n t e r f a c i a l  ( s u r f a c e  t e n s i o n )  , 
s o l u t i o n ,  e l e c t r o n i c  ( d i s p e r s i o n  and e l e c t r o s t a t i c )  and f r a c t u r e .  Each 
a n a l y t i c a l  technique i s  based on a p a r t i c u l a r  model of t h e  i n t e r f a c e  system; 
f o r  example, t h e  f irst  considers  t h e  i n t e r r e l a t i o n s h i p  o f  t h e  f r e e  s u r f a c e  
ene rg ie s  r e l a t i v e  t o  t h e  r e s u l t i n g  i n t e r f a c e  energy, Although t h i s  scheme 
i s  widely used i n  l i q u i d - s o l i d  adhesion a n a l y s i s ,  and i n  p a r t i c u l a r  f o r  
5 
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organic  systems, it has not  found g r e a t  success  i n  m e t a l l i c  system 
a n a l y s i s  due t o  t h e  l a c k  of r e l i a b l e  i n t e r f a c i a l  energy data. The l a c k  
of p r e c i s e  d a t a  a l s o  ex i s t s  i n  t h e  cases o f  t h e  s o l u t i o n  and e l e c t r o n i c  
models; which may be c i t e d  as t h e  main reason why such approaches have 
not produced f r u i t f u l  r e s u l t s  f o r  adhesion a n a l y s i s  i n  m e t a l l i c  systems, 
Since t h e  f r a c t u r e  approach i s  c u r r e n t l y  t h e  most popular,  l e t  us  
o u t l i n e  t h e  p r i n c i p a l  s t e p s  which art? invalved i n  a t y p i c a l  adhesion experi-  
ment (2,19,20).Using a mechanical t e s t  apparatus ,  normally with a c o n t r o l l e d  
atmosphere and/or temperature,  two metal s u r f a c e s  a r e  placed i n t o  contact  
under a known normal l o a d  f o r  a known durat ion.  Then t h e  l o a d  necessary 
t o  cause junc t ion  f r a c t u r e  i s  measured i n  pure t e n s i o n .  C lea r ly ,  t h e  
crack formed i n  t e n s i o n  w i l l  propagate down t h e  i n t e r f a c e  region only i f  
t h i s  i s  t h e  weakest p a t h  i n  t h e  system. For example, a d i f f u s i o n  bonded 
i n t e r f a c e  system could be c i t e d  as one case i n  which t h e  i n t e r f a c e  could 
be much s t ronge r  than  e i t h e r  bulk metal phase,  while a we l l  l u b r i c a t e d  
i n t e r f a c e  would p resen t  an exceedingly weak i n t e r f a c e .  Since t h e  i n t e n t  
of  t h i s  i n v e s t i g a t i o n  i s  t o  examine i n t e r f a c e s  of pure i r o n  a t  room tempera- 
t u r e ,  without contaminants, t h e  extreme l i m i t s  j u s t  mentioned w i l l  not be 
involved. 
The q u a n t i t a t i v e  a n a l y t i c a l  approach t o  m e t a l l i c  adhesion r e q u i r e s  
t h e  formation of  a simple i d e a l  model o f  t h e  system, which i n  t u r n ,  should 
l end  t o  t h e  design and understanding of a c r i t i c a l  experiment, and s i g n i f i -  
cant  d a t a .  
a l l  ar t  probably acceptable  within c e r t a i n  qua l i fy ing  limits as e s t a b l i s h e d  
There are numerous proposals f o r  such models (2 ,18,21) ,  and 
# 
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by t h e  inherent  v a r i a b l e s  i n  t h e  system. The complexity of t h e  system, 
i . e .  t h e  i n t e r a c t i o n  of  two r e a l  me$allic su r faces ,  seems however, t o  have 
i n h i b i t e d  t h e  success of previous models i n  a complete q u a n t i t a t i v e  ana lys i s  
of m e t a l l i c  adhesion. A simple model was r e c e n t l y  proposed (22 )  which 
incorpora tes  many f a c e t s  of t h e  previous models and s t r e s s e s  t h e  more 
important aspec ts  of t h e  process .  
Consider two p e r f e c t  m e t a l l i c  c r y s t a l  sur faces  devoid of sur face  i m -  
p e r f e c t i o n s  and contaminants i n  an u l t imate  vacuum a t  O'K, If t h e  two 
c r y s t a l s  a r e  brought i n t o  a f o r c e l e s s  contac t ,  such t h a t  exact  atomic co- 
incidence i s  achieved along t h e  i n t e r f a c e ,  t h e  r e s u l t i n g  body should be a 
p e r f e c t  s i n g l e  c r y s t a l  i n  which t h e  i n t e r f a c e  region i s  ind i s t ingu i shab le  
from t h e  matr ix  of t h e  p e r f e c t  c r y s t a l .  Since chemisorption on f r e e  me ta l l f c  
sur faces  i s  a non-activation energy process ( 2 3 1 ,  and t h e  process  j u s t  
descr ibed i s  b a s i c a l l y  t h e  same as chemisorption, one would not expect t h e  
process  t o  r e q u i r e  a sepa ra t e  a c t i v a t i o n  energy of i n t e r f a c e  formation,  
Haneman and Grant ( 2 4 )  have added c r e d i b i l i t y  t o  t h e  i n t e r f a c e  model i n  
t h e i r  r ecen t  clevage s t u d i e s  of germanium, and i n v e s t i g a t i o n s  of silcon- 
s i l i c o n  ep i t axy  by Jona (25)  also a t t e s t  t o  t h e  model. 
The t e n s i l e  s t r e n g t h  and f r a c t u r e  mechanism of t h e  c r y s t a l  jo ined  by 
t h e  s t e p s  j u s t  c i t e d  ought t o  be i d e n t i c a l  wi th  t h a t  of any s i n g l e  c r y s t a l  
of t h e  same m a t e r i a l  and p u r i t y ,  s ince  t h e  i n t e r f a c e  i s  ind i s t ingu i shab le  
from t h e  bulk.  
Most systems involve po lyc rys t a l l i ne  m a t e r i a l  and contac t  under a 
normal l o a d ,  t h e r e f o r e ,  one must fu r the r  consider  t h e  changes i n  t e n s i l e  
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p r o p e r t i e s  of t h e  s i n g l e  c r y s t a l  model i f  it i s  subjected t o  s m a l l  
compressive loads  and/or r o t a t i o n  o f  one of  t h e  c r y s t a l s  before  con tac t  
i s  made. The former has l i t t l e  e f f e c t  on t h e  t e n s i l e  f r a c t u r e  s t r e n g t h  
behavior un le s s  t h e  compressive y i e l d  po in t  i s  g r o s s l y  exceeded, Rotat ion 
of  one of t h e  s i n g l e  c r y s t a l s  p r i o r  t o  i d e a l  contact  would produce an i n t e r -  
f a c e  which i s  q u i t e  s i m i l a r  t o  a g r a i n  boundary; i n  f a c t ,  i f  t h e  system 
were pe rmi t t ed  t o  come t o  thermal equi l ibr ium, a g r a i n  boundary would re- 
s u l t .  The t e n s i l e  s t r e n g t h  of t h e  g ra in  boundary system should l i e  between 
t%at o f  t h e  s i n g l e  c r y s t a l  system and t h e  p o l y c r y s t a l l i n e  system, 
p o l y c r y s t a l l i n e  su r face  i s  an a r r a y  of s i n g l e  c r y s t a l  r eg ions ,  t h e  i n t e r -  
f a c e  formed can be reduced t o  a summation of unaligned s i n g l e  c r y s t a l  
i n t e r a c t i o n s  ac ross  t h e  boundary. Grain growth and t h e  establ ishment  
of  thermal  equi l ibr ium w i l l  r econs t ruc t  t h e  i n t e r f a c e  such t h a t  itt i s  
i n d i s t i n g u i s h a b l e  from t h e  ma t r ix  (26,27).  I n  conclusion, w e  can assume 
t h a t  an i n t e r f a c e  between two atomical ly  c l ean ,  p o l y c r y s t a l l i n e  m e t a l l i c  
s u r f a c e s  should produce a system i n  which t h e  junc t ion  s t r e n g t h  p e r  u n i t  
area of rea l  con tac t  approaches t h a t  of t h e  p o l y c r y s t a l l i n e  bulk metal. 
Contamination i n  M e t a l l i c  Adhesion 
SPnce a 
I n  eva lua t ing  a method t o  r eco rd  t h e  p a t h  followed during t h e  c r i t i c a l  
experiment, we must consider  t h e  e f f e c t s  of rea l  system v a r i a b l e s  on t h e  
model and t h e  means of observat ion.  The a r e a  of contact  between real 
s u r f a c e s ,  and t h e  e f f e c t s  of chemical contamination on t h e  s t r e n g t h  of 
t h e  i n t e r f a c e  are t h e  most i n f l u e n t i a l  f a c t o r s  i n  adhesion a n a l y s i s  (2,20,28) 
E l e c t r i c a l  con tac t  r e s i s t a n c e  methods (2,19,29) a r e  considered t h e  b e s t  
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means o f  observing t h e  deformation, adhesion and f r a c t u r e  process .  
(See Experimental S e c t i o n ) .  
Contamination, i . e .  t h e  presence of low cleavage s t r e n g t h ,  fo re ign  
f i l m s  i n  t h e  i n t e r f a c e  region,  has been shown t o  be t h e  only major b a r r i e r  
t o  m e t a l l i c  adhesion approaching t h e  s t r eng th  of t h e  bulk metal  (19,201. 
The presence of a contaminant along the i n t e r f a c e  p r e s e n t s  a plane of" 
weakness along t h a t  i n t e r f a c e  which i s  followed by an advancing cleavage 
crack when t h e  system i s  unloaded or placed i n  t e n s i o n .  
films have been used under t h e  g u i s e  of  " lub r i ca t ion"  f o r  ages ,  p r e c i s e  
knowledge of t h e  e x t e n t  t o  which a l u b r i c a n t  w i l l  i n h i b i t  t h e  formation 
of a mechanically s t a b l e  junc t ion  between m e t a l l i c  su r f aces  w a s  not  
e s t a b l i s h e d  u n t i l  r e c e n t  u l t r a  high vacuum s t u d i e s  were completed, 
Johnson (20 )  i l l u s t r a t e d  t h a t  i n  some cases ,  e.g. Mo, T i ,  a monolayer 
of adsorbed film could prevent f u l l  s t r e n g t h  adhesion, 
Although such 
An event which may permit t h e  contaminant l a y e r  t o  be br idged by 
in t ima te  metal t o  metal contact  w i l l  tend t o  s t r eng then  t h e  i n t e r f a c e s ;  
t h e r e f o r e ,  t h e  s t r e n g t h  of a m e t a l l i c  adhesion j u n c t i o n  may l i e  anywhere 
between t h e  bulk s t r e n g t h  of t h e  metal and t h a t  of t h e  contaminant l a y e r ,  
i . e .  approximately zero.  Normal contaminants ( b r i t t l e  oxides ,  c e r t a i n  
chemisorbed gases ,  condensed organic vapors) u s u a l l y  provide a much 
weaker f r a c t u r e  plane t h a n  a metal-metal j unc t ion .  
phys i ca l  c o n s t r a i n t s  on e s t a b l i s h i n g  an area of real con tac t ,  such as 
su r face  roughness and non-metallic p a r t i c l e s ,  w i l l  be discussed l a t e r .  
The e f f e c t s  of pure 
10 
Since t h e  presence of only a f e w  monolayers o f  a p a r t i c u l a r  contaminant 
can reduce t h e  j u n c t i o n  s t r e n g t h  t o  near zero between l i g h t l y  loaded con- 
t a c t s  ( l 9 , 2 O ) ,  it i s  necessary t o  completely remove a l l  p o s s i b l e  contami- 
nan t s  p r i o r  t o  t h e  s tudy of adhesion in  t h e  n e a r l y  idea l  model system, 
The rea f t e r ,  a s e l e c t i v e  study of contaminant films on t h e  adhesion process  
i s  p o s s i b l e  by adso rp t ion  or d i f f u s i o n  ( 3 0 ) .  The t i m e  r equ i r ed  t o  contaminate 
a s u r f a c e  i s  very s h o r t ,  f o r  example, if a monolayer i s  adsorbed from t h e  gas 
phase (assuming a s t i c k i n g  p r o b a b i l i t y  of o n e ) ,  t h e  clean surface l i f e  time 
-6 -10 i s  about one second a t  1 0  Torr and a f e w  hours a t  10  Torr (31) .  Most 
workers (31,201 d e f i n e  a c l ean  su r face  as t h a t  p o i n t  when l e s s  t han  10% of  
t h e  free su r face  c o n s t i t u t e s  t h e  contaminant phase,  Achieving and v e r i f y i n g  
t h i s  cond i t ion  i s  most d i f f i c u l t  ( 3 2 ) ,  c f ,  next s e c t i o n  on con tac t  r e s i s t a n c e ,  
A s  p rev ious ly  i n f e r r e d ,  a reasonable adhesion s t r e n g t h  can a l s o  be ob- 
t a i n e d  i f  s u f f i c i e n t  energy i s  introduced i n t o  t h e  i n t e r f a c e  t o  d i s p e r s e  
t h e  i n t e r f a c i a l  contaminants , t he reby  e s t a b l i s h i n g  pure metal-metal con tac t  
Energy inpu t  processes  such as h e a t ,  t a n g e n t i a l  motion, u l t r a s o n i c s ,  e t c ,  
w i l l  cause bonding i f  s u f f i c i e n t  energy i s  imparted t o  t h e  i n t e r f a c e  during 
c o n t a c t .  
of t h e  d i s p e r s a l  rate of t h e  contaminants t o  cause adhesion under atmospheric 
cond i t ions  are most d i f f i c u l t  t o  e s t a b l i s h ,  t h i s  a spec t  has only been per- 
sued i n  a most q u a l i t a t i v e  manner. 
o t h e r s  (36) have con t r ibu ted  s i g n i f i c a n t l y  t o  adhesion s t u d i e s  under t h e s e  
cond i t ions ,  u t i l i z i n g  t h e  techniques of  roll bonding, f r i c t i o n  welding, 
and o t h e r  commerical processes .  The most s i g n i f i c a n t  advances i n  t h e  
Since p r e c i s e  energy input  requirements and p r e c i s e  c h a r a c t e r i z a t i o n  
Sikorski  (33,34) Milner (35 )  and 
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s tudy  o f  t h e  mechanism o f  m e t a l l i c  adhesion have been achieved under 
cond i t ions  i n  which t h e  contaminants have been r igo rous ly  c c n t r o l l e d ,  
i . e .  u l t r a  high vacuum. 
I n v e s t i g a t i o n s  of  m e t a l l i c  adhesion under vacuum cond i t ions  o f  less  
t h a n  lo-' Torr u s u a l l y  involve surfaces p repa ra t ions  by one of t h r e e  
techniques (37) : f r a c t u r e d  su r face  (26,38) , argon ion  bombardment and 
anneal  (2O,27) o r  by mechanical treatment such as wire  brushing. 'The many 
inhe ren t  d i f f i c u l t i e s  w i th  w i r e  brushing and f r a c t u r e  techniques have been 
thoroughly discussed elsewhere ( 3 7 ) .  
Argon ion  bombardment o f  a surface i s  normally accomplished af ter  t h e  
specimen and holder  have been thoroughly outgassed by hea t ing  f o r  many 
hours i n  u l t r a  high vacuum. The cleaning process c o n s i s t s  of t h e  ioniza-  
t i o n  of  very pure argon i n  a f i e l d  of less  than  l K V ,  The su r face  t o  be 
cleaned i s  nega t ive ly  charged with respect  t o  t h e  rest of  t h e  components. 
During t h e  p rocess ,  d e f e c t s  and d i s l o c a t i o n s  a r e  produced i n  t h e  s o l i d  
su r face ,  and many i n e r t  gas atoms a r e  embedded i n  t h e  su r face  l a t t i c e ,  
High temperature  annealing t reatment  is  necessary t o  permit t h e  gas atoms 
t o  leave and t o  a l low r e c r y s t a l l i z a t i o n  t o  recover  t h e  h igh ly  d i s t o r t e d  
s u r f a c e  l a y e r s .  Low energy e l e c t r o n  d i f f r a c t i o n  (LEED) s t u d i e s  have 
v e r i f i e d  t h i s  mechanism (39) .  The disadvantage of t h e  tezhnique l i e s  
i n  t h e  post-cleaning anneal t reatment  which permits  bulk i m p u r i t i e s  more 
t h a n  s u f f i c i e n t  t i m e  t o  d i f fuse  t o  the f r e s h l y  cleaned su r face  and re- 
e s t a b l i s h  t h e  contaminant l a y e r .  
of  carbon o r  oxygen i n  i r o n  (40) ,  t i t an ium (411, and tungs t en  (42), t o  c i t e  
a f e w  s p e c i f i c  examples. 
This has  a l s o  been descr ibed i n  systems 
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Other Variables 
Since the mechanical properties of the load bearing contact area, the 
rates of vapor, bulk and surface diffusion, the interfacial chemistry of 
the system and the fracture behavior of a particular metal system are 
functions of temperature, it should not be surprising that temperature also 
has a profound effect on adhesion. For example, in a number of systems (27 )  
contaminant layers interrupt junction strength at room temperature, but 
when these systems are subjected to higher temperatures, the "xtamlnants 
are dispersed by dissolution and the full bulk metal adnesive strength can 
be achieved. 
Immiscible dissimilar metal couples were thought to be poor candidates 
for making strong adhesive junctions as a result of early friction tests (43) 
and thermodynamic analysis (44,45). Recent observations (20,46) hswever, 
indicate that bulk immiscibility is not a criterion f o r  adhesion, in accord 
with theoretical arguments (47-49), which delineate between chemical 
equilibrium of the surface phase and that of the bulk phase. Cahn and 
-
Hilliard (50) and others (49) have proposed an agreeable solid state inter- 
face model which considers an interface as a zone of concentration gradient 
on a regular solution model. 
appear to substantiate these observations., 
Numerous LEED and molecular beam investigations 
Relationships involving the relation of adhesive strength to crystal 
structure (46~1-53) ,melting point (44) hardness (34,5l) and various other 
materials properties have also been presented. 
since the deformation properties of the interface region which controls the 
Such would be expected, 
. 
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e x t e n t  of t h e  contact  area i s  a l s o  dependent on such p r o p e r t i e s ,  If 
however, t h e  junc t ion  s t r e n g t h  i s  measured by means of t h e  t r u e  contact  
a r e a  (19,20), one f i n d s  t h a t  t h i s  s t r eng th  i s  approximately q u i v a l e n t  
t o  t h a t  o f  t h e  weaker bulk m e t a l ,  and l i t t l e  i s  gained through secondary 
material p rope r ty  r e l a t i o n s h i p s .  -_ 
I n  tests t o  eva lua te  contaminated systems, some of t h e  major system 
v a r i a b l e s  which must be s t r i c t l y  con t ro l l ed  t o  ob ta in  reproducible  r e s u l t s  
I are: su r face  chemistry,  geometry, roughness, m a t e r i a l  p r o p e r t i e s ,  p r e - t e s t  
~ 
vacuum t r ea tmen t s ,  specimen composition and metal lurgy.  A l l  of t h e s e  could 
i n d i v i d u a l l y  cause considerable  modif icat ions i n  t h e  ccntamtnant l a y e r  
d i s p e r s a l  mechanism and i n  t u r n  t h e  observed adhesive s t r e n g t h .  A de- 
t a i l e d  d i scuss ion  of each of t h e s e  v a r i a b l e s  would be most extensive;  
and i s  
Real Surfaces  
l consequently considered beyond the scope of t h i s  paper.  
A real  su r face  i s  considered t o  be extremely rough on a microscale  ( 7 ,  
5 4 ) ;  t h e r e f o r e ,  when two such atomically c l ean  su r faces  a r e  brought t o g e t h e r ,  
t h e  s i z e ,  shape and d i s t r i b u t i o n  of the h igh  p o i n t s  ( a s p e r i t i e s )  w i l l  deter- 
, mine t h e  n a t u r e  of t h e  rea l  contact  area. The process of  contact  of two 
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real bulk surfaces  may be descr ibed i n  two s t a g e s ;  t hose  mechanical de- 
formation i n t e r a c t i o n s  which involve only t h e  a s p e r i t i e s ,  e .g ,  micro- 
p rocesses ,  and those  which involve t h e  bulk,  e .g .  macro-processes. I n  
t h e  i n i t i a l  p o i n t  t o  p o i n t  con tac t  t h e  micro-deformation processes  would 
involve e l a s t i c  deformation of two o r  t h r e e  a s p e r i t i e s ,  however, s i n c e  t h e  
peaks include only a very s m a l l  region,  normal observat ion would t e n d  t o  
, 
obscure t h e s e  i n t e r a c t i o n s .  Thereaf ter ,  t h e  p l a s t i c  deformation of t h e s e  
a s p e r i t i e s  w i l l  occur u n t i l  t h e  load  i s  supported on many a s p e r i t i e s  and 
by t h e  bulk system e i t h e r  e l a s t i c a l l y  o r  p l a s t i c a l l y  depending on t h e  load ,  
The real a r e a  of con tac t  and configurat ion of t h e  load  support ing i n t e r f a c e  
i s  t h e r e f o r e  determined by t h e  modes of a s p e r i t y  deformation ( 5 4 ) ,  
Since t h e  y i e l d  p re s su re  (P) f o r  most metals  i s  n e a r l y  cons t an t ,  t h e  
con tac t  area formed i s  p ropor t iona l  t o  t h e  load  on each of t h e  i n d i v i d u a l  
a s p e r i t i e s .  Therefore,  t h e  t o t a l  area ( A )  can be given by equation: 
EQUATION 3 
where W i s  t h e  t o t a l  app l i ed  load  and w i s  t h e  load  supported by one a s p e r i t y .  1 
Archard ( 5 5 )  has shown t h a t  even e l a s t i c  Hertzian a n a l y s i s  can be made 
t o  approach a contact  a r e a  p ropor t iona l  t o  load  i f  one g e n e r a l i z e s  t h e  model 
t o  cover each a s p e r i t y  with successive mic ro -aspe r i t i e s .  
i n d i c a t e s  t h a t  A i s  p ropor t iona l  t o  W2I3 ,  i f  t h e  number of c o n t a c t s  i s  taken 
as cons t an t ,  but  i f  t h e  average a r e a  of each contact  remains cons t an t ,  A i s  
again p ropor t iona l  t o  W. 
The e l a s t i c  model 
Greenwood and Williamson ( 1 2 )  extended t h e  e l a s t i c  model by studying 
a s p e r i t i e s  c l o s e l y  resembling those  found on rea l  s u r f a c e s  (Gaussian d i s t r i -  
b u t i o n ) ,  and deformation exceeding t h e  e l a s t i c  l i m i t ,  
con tac t  w a s  found t o  be very nea r ly  proport ional  t o  load  i n  both p l a s t i c  
and e l a s t i c  models. 
Again, t h e  area of 
Recently,  Williamson ( 5 4 )  used a very p r e c i s e  p r o f i l i m e t e r  t o  examine 
an aluminum su r face  a t  va r ious  s t a g e s  o f  deformation, He found ( s e e  Figure 2 )  
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FIG.2 BEHAVIOR OF A CONTACT UNDER HIGH PRESSURE (54) 
(SEE TEXT FOR DESCRIPTION) 
16 
t h a t  at l i g h t  loads t h e  rea l  area of contact and t h e  number of  con tac t s  
are p r o p o r t i o n a l  t o  t h e  load;  but  a t  higher loads t h e  number o f  contact  
s p o t s  remains constant  and t h e i r  s i z e  increases  with load .  
By eva lua t ing  Hertzian contact  area d e r i v a t i o n s  (which assumes smooth 
s u r f a c e s  and e l a s t i c  i n t e r a c t i o n s ) ,  Saunders (56 )  and o t h e r s  (19 )  found 
t h a t  at loads  above t h e  y i e l d  s t r e n g t h  o f  t h e  weaker metal  specimen, Holm's 
contact  r e s i s t a n c e  methods provided a more r e l i a b l e  technique to study t h e  
t r u e  con tac t  area. 
Contact Resis tance Theory 
Contact r e s i s t a n c e  measurements seem t o  o f f e r  t h e  most promising tool 
f o r  fol lowing t h e  change i n  rea l  contact a r e a  with load  (18,28). 
i n f l u e n t i a l  v a r i a b l e s  (57-59) involved i n  t h e  observed c o n t a c t  r e s i s t a n c e  
The most 
between two crossed-rods are t h e  e f f e c t s  o f  mu l t ipo in t  a s p e r i t y  c o n t a c t ,  
t u n n e l i n g  and contaminating films. The Gaussian d i s t r i b u t i o n  of t h e  a spe r i -  
t i e s  and t h e  r e l a t i v e l y  complete knowledge of r e s i s t a n c e  methods (29 )  have 
pe rmi t t ed  a r a t h e r  d e t a i l e d  a n a l y s i s  of t h e  contact  r e s i s t a n c e  versus load  
curve between two conductors t o  g ive  the c h a r a c t e r  of t h e  deformation p rocess ,  
K i s lu ik (59)  has considered t h e  e f f e c t  of r e a l  s u r f a c e s  on t h e  observed 
con tac t  r e s i s t a n c e  ( R  ) and r e l a t e d  t h i s  t o  t h e  pure c o n s t r i c t i o n  r e s i s t a n c e  
( R e )  by a f a c t o r  of ( R  ) caused by e l e c t r o n  tunne l ing  o r  contaminant f i l m  
e f f e c t s .  
0 
f 
R = Rc * Rf 
0 
By us ing  u l t r a - c l e a n  m e t a l l i c  su r f aces  and f i x i n g  t h e  t e s t  geometry 
can be assumed constant  and n e g l i g i b l e  ( 2 9 ) ,  (crossed-wires) ,  t h e  e f f e c t  of R f 
17 
Holm ( 2 9 )  has shown t h a t  R i n  a system with a s i n g l e  point  contact  is 
C 
EQUATIGN 4 
where a i s  t h e  con tac t  r ad ius  of t h e  t r u e  con tac t  area and p i s  t h e  - 
conduc t iv i ty  of t h e  pure bulk metal  involved i n  t h e  con tac t  couple. 
The v a r i a t i o n  of con tac t  r ad ius  with load  (W) was found by a r e l a t i o n  
developed by H o l m  (25)) t o  de?end on t h e  deformation mechanism, 
1 - 
a a W ( f o r  pure e l a s t i c  deformation! 
( f o r  pure p l a s t i c  deformation) 
1 EQUATION 5 -
a a W 
Combining ( 4 )  and ( 5 )  we o b t a i n  t h e  r e l a t i o n s h i p  between c o n s t r i c t i o n  
r e s i s t a n c e  and t h e  app l i ed  load .  
1 
e
a w ( e l a s t i c )  
1 -- 
R Q: w ( p l a s t i c )  
C 
EQUATIGN 6 
Greenwood ( 5 7 )  explored t h e  e f f e c t s  of  m u l t i p l e  micro-contacts on t h e  
c o n s t r i c t i o n  r e s i s t a n c e  and showed t h a t  
where p = r e s i s t i v i t y  of t h e  bulk metal 
a = r a d i u s  o f  t h e  ith m e t a l  contact i 
n = number o f  con tac t s  
EQUATION 7 
S = d i s t a n c e  between t h e  ith and jth con tac t  
i j  
Since a l l  r e a l  systems involve mul t icontac t  p o i n t s ,  t h e  Greenwood value 
f o r  R must be r e l a t e d  t o  a real  area of con tac t  ( A ) .  Greenwood a l s o  pro- 
C 
vided a r e l a t i o n  between t h e  a r e a  o f  contact  ( A  ) der ived  from H o h ' s  I 
s i n g l e  p o i n t  equat ion 4 and t h e  r e a l  area (%) of contac t  as der ived  from 
equat ion 7. The r a t i o  may be roughly approximated by: 
where t h e  number of con tac t s  ( n )  i s  assumed t o  be s m a l l  (.SO). 
If we f u r t h e r  assume t h a t  t h e  
s h i p  and t h a t  t h e  t r u e  a r e a  can be simply r e l a t e d  t.o t h e  y i e l d  s t r e n g t h  of 
value r ep resen t s  t h e  t r u e  a r e a  r e l a t i o n -  
t h e  bulk meta l  ( Y )  i n  simple p l a s t i c  deformation (611, t hen  a r e l a t i o n s h i p  
between t h e  observed contac t  r e s i s t a n c e  and load  can be achieved: 
rear ranging  
113 w-1/2 n = 1.3pY 
C 
EQUATION 9 
EQUATION 1 0  
2 For u l t r a  pure i r o n ,  p i s  9.7 x 
Equation 10  becomes 
$2 - cm (62)  and Y i s  2.5 k g / m  (63)  
EQUATION 11 -3 -112 n1j4R = 6 - 3  x 10 W 
C 
Since t h e  y i e l d  s t r e n g t h  i s  expected t o  vary  as a func t ion  of t h e  con t inua l ly  
changing work hardening of t h e  a s p e r i t i e s ,  equat ion 11 cannot be considered 
t o  be exac t ,  but  w i l l  se rve  as a reasonable  approximation u n t i l  a camparison 
with a c t u a l  d a t a  ( R  ) i s  made. 
0 
The r e l a t i o n  of t h e  number of contact  p o i n t s  ( n )  t o  W w i l l  r a p i d l y  
inc rease  from one (f irst  con tac t  p o i n t )  a t  an extremely l i g h t  l oad ,  t o  
some constant  value as p red ic t ed  by Williamson ( 5 4 )  (See Figure 2 )  
When n becomes constant  t h e  value o f  Re,  o r  t h e  change i n  con tac t  a r e a  
i s  d i r e c t l y  re la ted t o  t h e  load .  The slope of t h e  log  R ve r sus  l o g  W 
p l o t  i s ,  t h e r e f o r e ,  d i r e c t l y  r e l a t e d  t o  t h e  deformation mechanism of t h e  
a spe r  it i e  s . 
0 
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I I EXPERIMENTAL 
Mat e r i a1 
I 
High purity iron (99.999%) 1.5 mm wire, was obtained from United 
Mineral and Chemical Corporation with a total impurity concentration of: 
Carbon . e e 65 ppm (parts per million)" 
Magnesium. . 2 ppm 
Silicon. 2 ppm 
Manganese. a 1 ppm 
Al, Cu, Ag e a <1 ppm 
Before mounting the specimens in the adhesion test apparatus, the wire was 
vacuum degassed for 2.5 hours at 1000°C at a pressure below 5 x Torr ,  
The resulting microstructure is shown in Figure 3. Hardness tests an a 
Scheffield Hardness Tester gave an average Knoop Hardness Number at lOOg 
load of KHN 275 for the metal as received and KHN 75 for the outgassed 
metal. Hardness measurements after the adhesion experiments, e,g, several 
cycles of severe outgassing below Torr , were unsuccessful because the 
metal had become too soft to give consistent results on the hardness tester. 
Apparatus 
The vacuum system illustrated schematically in Figure 4 ccnsisted of" 
a Welch-Duoseal pump trapped to two CVC 2 inch Blueline diffusion pumps in 
series. The pumps used DOW 705 diffusion pump o i l ,  and were separated from 
the diffusion cell by two 2 inch Granville-Phillips Cryosorb traps in series 
and a 1 inch Granville-Phillips UHV isolation valve. The liquid nftrogen 
trap adjacent to the diffusion pumps served as an oil baffle when the adhesion 
* 
Analysis by National Spectrographic Labs 
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A. AS RECEIVED ( I O O X )  
B. AS MOUNTED IN CELL AFTER OUTGAS ( I O O X )  
FIG. 3 LONGITUDINAL MICROSTRUCTURE OF 99.993% 
IRON -65 PPM CARBON SPECIMENS 
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c e l l  and second t r a p  were subjected t o  E1 1 0  hour bakeout at 450’C. Upon 
cool ing t h e  system a f t e r  bakeout and placing l i q u i d  n i t rogen  i n  t h e  t r a p  
ad jacent  t o  t h e  c e l l ,  p ressures  i n  t h e  adhesion c e l l  below 10’ Torr ,  
and occas iona l ly  below Torr ,  were r e a d i l y  achieved. The system 
pressure  during bakeout w a s  monitored by a GPH-100A cold  cathode gage 
mounted i n  t h e  f o r e l i n e  of t h e  d i f fus ion  pump adjacent  t o  t h e  Crycsorb 
t r a p s .  Near completion of t h e  bakeout cyc le  t h e  f o r e l i n e  pressure  w a s  
u sua l ly  below t h e  lowest gage d iv i s ion ,  e , g .  Torr ,  
The 5Omm O.D. x 300mm pyrex adhesion c e l l  shown i n  Figure 5 w a s  af- 
f i x e d  t o  t h e  vacuum system i s o l a t i o n  valve by means of a 4Omm Pyrex-metal 
conf l a t  f l ange ,  which a l s o  supported side-arms f o r  t h e  t i t an ium sorp t ion  
pump and t h e  argon gas supply. 
a 0.25mm t i t an ium w i r e  wrapped on a 0.40mm tungsten w i r e ,  and then  formed 
i n t o  a l.5Omm I.D. h e l i x  and mounted on t h e  l e g s  o f  a glass-metal  e l e c t r i c a l  
feed through. 
immediately af ter  bakeout,  t h e  s m a l l  pump (5Omm x 75mm l e n g t h )  could maintain 
t h e  adhesion c e l l  p ressure  below lo-’ Torr when t h e  1 inch i s o l a t i o n  valve 
w a s  c losed  t o  prevent o i l  contamination. The argon gas s to rage  c e l l s  were 
i s o l a t e d  from t h e  main system by a 0.5 inch Granvi l le -Phi l l ips  valve.  
Several  20 cc pyrex s torage  c e l l s  were f i l l e d  with spec t rographica l ly  pure 
argon and i s o l a t e d  from t h e  UHV system by g l a s s  break-off seals that, could 
be broken with an i r o n  s lug  when argon pressure  w a s  des i r ed .  
The t i t an ium so rp t ion  pump cons is ted  of 
Upon thorough degassing and p a r t i a l  f l a s h i n g  of t h e  w i r e  
The pressure  i n  t h e  adhesion c e l l  w a s  measured by a Redhead Gage (NRC 
Type 752) mounted on a 25mm pyrex tube of low conductance and i n  l i n e  of 
I -  
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s i g h t  w i th  t h e  samples. 
The adhesion t e s t  apparatus  consis ted of  two 105m x 25mm i r o n  wire 
samples f i x e d  i n  t h e  c e l l  i n  a c rossed  conf igu ra t ion ,  One w a s  a t t ached  
t o  a glass-metal  through seal by means of two alumina s h i e l d e d  molybdenum 
ho lde r s .  
t u b e  i n  t h e  same t y p e  molybdenum holders .  The alumina tube ac t ed  as a 
t o r s i o n  balance and w a s  supported by a n  aluminum bracket on a tungs t en  w i r e  
a t  t h e  balance p o i n t .  Two 5.m s t a i n l e s s  s t ee l  support  rods were welded 
t o  t h e  c o n f l a t  f l ange  t o  support t h e  tungsten wire between them i n  a 
h o r i z o n t a l  p o s i t i o n .  The c o n f l a t  f lange a l s o  supported two l2.5mm pyrex- 
kovar through seals f o r  f i lament  l e a d s  and power l e a d s  t o  t h e  i r o n  sample 
mounted on t h e  beam. 
a t  t h e  end opposi te  t h e  sample. This magnetic rod allowed t h e  t o r s i o n  beam 
t o  be moved and thereby p o s i t i o n  t h e  sample on t h e  b e m  r e l a t i v e  t o  t h e  
f i x e d  sample. A maximum sepa ra t ion  of about 30mm could be achieved during 
argon ion  bombardment. Also f i x e d  a t  the end of  t h e  beam opposi te  t h e  
sample w a s  an i s o l a t e d  support wire  f o r  t h e  15Omm nude 0.023mm constantan 
s t r a i n  gage w i r e  (D). 
magnetic rod ( I ) ,  through which a load  w a s  app l i ed  t o  t h e  samples by a 
solenoid (K) o u t s i d e  t h e  system. 
en te red  through a s i d e  a r m  mounted glass-metal seal .  
The second sample w a s  mounted on one end of a two ho le  alumina 
A magnetic rod ( I )  w a s  f i x e d  t:, t h e  t o r s i o n  beam 
The lower end of t h e  s t r a i n  gage w i r e  he ld  a second 
The ex te rna l  l e a d s  t o  t h e  s t r a i n  gage 
The samples were brought i n t o  proximity during a normal adhesion cyc le  
by a d j u s t i n g  an external permanent magnet r e l a t i v e  t o  t h e  magnetic rod on 
t h e  end of  t h e  t o r s i o n  beam till a f e w  mm s e p a r a t i o n  remained between t h e  
c 
> 
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two samples. I n  t h i s  configurat ion a load w a s  app l i ed  t o  b r ing  t h e  samples 
i n t o  con tac t ;  at t h e  end of t h e  loading cyc le  t h i s  r e s i d u a l  s epa ra t ion  f o r c e  
w a s  a v a i l a b l e  t o  cause f r a c t u r e  i f  adhesion occurred, The load  on t h e  
contacted samples w a s  app l i ed  by varying t h e  l i n e  input  t o  an E l e c t r o  CC 
power supply between zero and 110 v o l t s ,  while  t h e  power supply output was 
set  a t  a predetermined vo l t age  corresponding t o  a solenoid f i e l d  necessary 
t o  e s t a b l i s h  a peak load .  This solenoid inpu t  power w a s  v a r i e d  by d r i v i n g  
a v a r i a c  with a synchronous motor which r eve r sed  a t  t h e  110 Yolt po in t  and 
reduced t h e  vo l t age  l i n e a r l y  t o  zero.  The load  w a s  app l i ed  and removed a t  
a ra te  of  1.62 gms/min durjng a normal adhesion cycle .  
The s t r a i n  gage d e t e c t o r  consis ted o f  a Sanborn-Model 312 t r ansduee r  
a m p l i f i e r  i n d i c a t o r  with t h e  sma l l e s t  d iv i s ion  i n  t h i s  system corresponding 
t o  0.02 gms, readable  t o  wi th in  * 0.010 gms. After each s e r i e s  of adhesion 
runs t h e  s t r a i n  gage - mass r e l a t i o n s h i p  w a s  c a l i b r a t e d  through t h e  0-5gm 
range of  ope ra t ion  by r ep lac ing  t h e  f ixed upper sample with a c a l i b r a t e d  
f o r c e  t r ansduce r .  
pared d i r e c t l y  t o  a known load .  
such as beam f l e x i n g  or f r i c t i o n ,  which could arise i f  t h e  gage were 
c a l i b r a t e d  af ter  removal from t h e  system or by o the r  i n d i r e c t  techniques.  
The range of  s e n s i t i v i t y  of t h e  mass measurement w a s  found t o  be * 0.010 gm, 
The readings of t h e  s t r a i n  gage a m p l i f i e r  were then  com- 
This eliminated any quest ion of  v a r i a b l e s ,  
Numerous s t u d i e s  were made of  t h e  automatic loading p r o f i l e  during t h e  
s t anda rd iza t ion  procedure,  i . e .  when the s tandardized f o r c e  t r ansduce r  re- 
placed t h e  f i x e d  sample. This w a s  accomplished by p l ac ing  t h e  output from 
t h e  Sanborn 312 t r ansduce r  ampl i f i e r  a s  t h e  input  t o  t h e  "y" funct ion of 
I '  
. 
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an 'lx - y" r eco rde r ,  and following t h e  c y c l i c  v a r i a t i o n  with t ime.  
l o a d  w a s  app l i ed  i n  a near  p e r f e c t  sawtooth curve with a s lope  of L 4 2  gms/min. 
No s i g n i f i c a n t  v a r i a t i o n s  from t h i s  shape were encountered, 
The 
The t o r s i o n  beam arrangement w a s  designed f o r  pure normal loading,  The 
o b j e c t  being t o  reduce shear deformation i n  t h e  i n t e r f a c e  of  t h e  adhesion 
couple t o  a minimum during load ing ,  s ince s m a l l  t a n g e n t i a l  movement can 
r u p t u r e  t h e  contaminant f i l m s .  
small, bu t  unavoidable v i b r a t i o n .  Under very l i g h t  loading ( ~ 3 0  mg) and non- 
adhesive cond i t ions ,  t h e s e  v i b r a t i o n s  could be observed as an i n s t a b i l i t y  i n  
t h e  con tac t  r e s i s t a n c e  reading.  
The only t a n g e n t i a l  motion a rose  from very 
The c i r c u i t  diagram f o r  t h e  measurement of contact  r e s i s t a n c e  ( R  ) i s  
0 
shown i n  Figure 6. 
t o  show how t h e  cu r ren t  ( i )  provided f r o m  a 0,006 v o l t  open c i r c u r t  source,  
pas ses  through t h e  con tac t  r e s i s t a n c e  (R ) t o  produce a p o t e n t i a l  drop ( b l 0  
Crossed-wire contact of t h e  samples is i l l u s t r a t e d  below 
0 
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This  fou r  po in t  r e s i s t a n c e  contac t  was  placed i n  a Leeds and Northrup 
P r e c i s i o n  Kelvin Bridge as shown i n  t h e  c i r c u i t  i l l u s t r a t e d  i n  Figure 6 a  
The b r idge ,  a secondary s tandard f o r  measuring r e s i s t a n c e ,  was s tandard ized  
p r i o r  t o  each run wi th  a primary NBS standard of 0.010Q2. 
drop ac ross  t h e  sample was compared t o  t h a t  across  t h e  br idge wi th  a 
Kie th ly  148 Nanovoltmeter as a n u l l  point  i n d i c a t o r .  
The p o t e n t i a l  
I n  order  t o  use t h e  output of t h e  Kie th ly  as a measure of contac t  
r e s i s t a n c e  v a r i a t i o n  and as t h e  input  t o  t h e  "y" func t ion  of t h e  "x - y" 
r eco rde r ,  t h e  m a x i m u m  load  p o i n t ,  i . e .  t h e  minimum R p o i n t ,  was f i r s t  
e s t a b l i s h e d .  This  was accomplished by p lac ing  t h e  samples i n  contac t  a t  
a p a r t i c u l a r  load  and then  balancing the  Kelvin Bridge t o  t h e  n u l l  p o i n t .  
The "y" func t ion  of t h e  "x - y" recorder  w a s  t hen  c a l i b r a t e d  so  t h a t  t h e  
0 
po in t  y = 0 corresponded t o  t h e  n u l l  po in t .  
and t h e  corresponding va lue  of t h e  d e f l e c t i o n  of t h e  n u l l  i n d i c a t o r  w a s  
determined by s e t t i n g  t h e  s c a l e  range,  i . e .  f u l l  s c a l e  i n  decade s t e p s  
each g iv ing  a d i f f e r e n t  va lue  t o  t h e  point  y = 10.  The f u l l  s c a l e  range 
of d e f l e c t i o n  f o r  t h e  var ious  s e t t i n g s  w a s :  
Nanovoltmeter s e n s i t i v i t y  
1 pv range . . . . . 0.045Q 
3 pv range . . . . . 0.160~ 
1 0  pv range . . . . . 0.50Oa 
For example, if a vol tmeter  s e n s i t i v i t y  of 3 pv w a s  used, a change i n  con- 
t a c t  r e s i s t a n c e  of 0.OlQ corresponded t o  about 1 . 5  cm i n  t h e  "y" func t ion  
d i s t ance .  
30 
This  technique was s tandardized by r ep lac ing  t h e  con tac t  r e s i s t a n c e  
of  t h e  samples with a secondary standard which could be va r i ed  i n  0,OlQ 
s t e p s .  The "y" func t ion  plot-out cou ld  t h e n  be d i r e c t l y  r e l a t e d  t o  t h e  
v a r i a t i o n  of t h e  s tandard.  Under normal condi t ions t h e  most s e n s i t i v e  
s c a l e  s e t t i n g ,  i . e .  0 .1  pv  s c a l e ,  represented approximately t h e  t h i r d  s i g n i f i -  
cant  f i g u r e  i n  t h e  milliohm range or * 1 0  p ohms. 
The "x" func t ion  r ep resen ted  t h e  output of  t h e  Sanborn 312 Amplifier 
from t h e  c a l i b r a t e d  s t r a i n  gage, c f .  above, and ind ica t ed  t h e  load  placed 
on t h e  samples. 
A s tandard adhesion run w a s  i n i t i a t e d  a f t e r  t h e  samples were placed 
wi th in  a f e w  mm of  each o t h e r ,  by a c t i v a t i n g  t h e  d r i v e  motor o f  t h e  automatic 
loading solenoid.  I n  p l a c e  of  t h e  Kelvin Bridge System, an e x t e r n a l  c i r c u i t  
capable o f  d e t e c t i n g  very high r e s i s t a n c e s ,  w a s  u t i l i z e d  t o  d e t e c t  and 
r eco rd  t h e  i n s t a n t  of  sample con tac t  or zero load  p o i n t .  A s  l oad ing  of" t h e  
samples continued, t h e  Kelvin C i r c u i t  was switched i n  through a heavy k n i f e  
blade switch and R recorded versus  the  app l i ed  load  t o  t h e  peak l o a d ,  
Since t h e  s e n s i t i v i t y  of t h e  n u l l  point  c i r c u i t  l i m i t e d  t h e  following of 
very high r e s i s t a n c e s ,  occurr ing under extremely l i g h t  l o a d s ,  e , g ,  l e s s  
t h a n  0.5gms, t h i s  region of t h e  "x-y" p l o t  w a s  not recorded. P r e s e n t l y  
t h i s  information i s  not  considered t o  be o f  s i g n i f i c a n t  t e c h n i c a l  value as 
i s  discussed below. 
c i r c u i t  w a s  again switched i n  and t h e  sample s e p a r a t i o n  point  compared t o  
t h e  con tac t  po in t  t o  i n s u r e  t h a t  d r i f t  i n  t h e  load  c i r c u i t  w a s  n e g l i g i b l e ,  
0 
During t h e  unloading cyc le  t h e  high r e s i s t a n c e  measuring 
. 
4 
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The con tac t  creep curves,  discussed i n  t h e  next s e c t i o n ,  were p l o t t e d  
by r ep lac ing  t h e  "x" func t ion  with a time sweep, 0 t o  x = 60 second.so 
The samples were brought i n t o  instantaneous con tac t  a t  a f i x e d  load  by 
switching a knowcurrent  i n t o  t h e  solenoid.  Changes i n  con tac t  r e s i s t a x e  
were t h e n  p l o t t e d  f o r  a pe r iod  of  two t o  t h r e e  minutes. Seve ra l  curves of 
t h i s  type were prepared under va r ious  loads and cond i t ions  a t  room tempera- 
t u r e .  
Procedure 
The outgassed i r o n  samples were mounted i n  t h e  c e l l  and t h e  system 
evacuated t o  a p res su re  Torr, a t  which po in t  a series of adhesion 
c y c l e s  were conducted a t  va r ious  loads .  
After cool ing from 4 5 O o C ,  f i l l i n g  t h e  upper t r a p  with N2(1) and out,gassing 
t h e  va r ious  components, t h e  p re s su re  was u s u a l l y  about 2 x 1 0  Tor r ,  An 
a d d i t i o n a l  series of  adhesion cyc le s  were then  performed, 
The bakeout cyc le  was then  i n i t i a t e d ;  
-1 0 
A s  i nd ica t ed  by previous workers, it i s  necessary t o  conduzt a s e r i e s  
of  adhesion cyc le s  a t  each major change i n  ope ra t ing  cond i t ions .  This w i l l  
a s s u r e  t h a t  t h e  con tac t  r e s i s t a n c e  apparatus i s  operable  and performing 
i n  t h e  p red ic t ed  manner, i . e .  as t h e  surface contaminants are removed t h e  value 
of  R decreases  s u b s t a n t i a l l y ,  c f .  Saunders ( 5 6 ) .  Secondly, t h f s  w i l l  
d e t e c t  bulk adhesion a t  any of t h e  intermediate  s t a g e s ;  a phenomena which 
has not  normally been observed u n t i l  a f t e r  t h e  su r faces  are argon ion 
bombarded. An a d d i t i o n a l  r e s i s t a n c e  heat ing w a s  c a r r i e d  out at g r e a t e r  
t h a n  1000°C f o r  about one h a l f  hour f o r  each specimen, till p res su re  was 
0 
Torr a t  temperature.  The t i t an ium s o r p t i o n  pump w a s  t hen  f l a s h e d  
32 
t o  main ta in  t h e  p re s su re  at approximately 10-l' Torr which prepared t h e  
system f o r  argon ion  bombardment. 
U l t r a  h igh p u r i t y  argon w a s  admitted i n t o  t h e  system t o  a p res su re  
-4 
of about 1 0  
va lve .  
i n i t i a t e d  ion  bombardment. 
hours ,  a small n i c k e l  s h i e l d  was placed (wi th  a magnet) between t h e  samples 
t o  s h i e l d  t h e  sample not  being cleaned from spu t t e red  m a t e r i a l  dur ing  an 
a d d i t i o n a l  h a l f  hour c leaning .  The p o t e n t i a l  d i f f e rence  w a s  e s t a b l i s h e d  
wi th  a f i lament  (F igure  5 ) .  A considerable  depos i t  of spu t t e red  m a t e r i a l  
on t h e  c e l l  w a l l s  a t t e s t e d  t o  t h e  removal of a s u b s t a n t i a l  amount of sur-  
f a c e  material during t h e  c leaning  process 
Torr  by breaking a capsule t i p  and slowly opening t h e  l e a k  
A DC p o t e n t i a l  of one Kv between t h e  specimens, wi th  2 m a  c u r r e n t ,  
After each sample w a s  bombarded f o r  about two 
A f t e r  t h i s  phase,  t h e  argon was evacuated and both samples annealed 
above 1000°C f o r  about an hour each t o  minimize su r face  damage and desorb 
argon from t h e  s u r f i c i a l  l a y e r s .  Adhesion cyc les  were performed a f t e r  
each of t h e s e  s t ages  of su r face  c l ean l ines s .  Addi t iona l  argon c leaning  
and anneal  t rea tments  were conducted before each new s e r i e s  of t e s t s  or 
i f  s e v e r a l  hours had l apsed  between phases of one run. 
Over 150 adhesion cyc le s  were recorded f o r  t h e  i r o n  - 65ppm carbon 
couple. A s  mentioned, tes ts  were made f o r  d i f f e r e n t  s t ages  of su r face  
c l e a n l i n e s s ,  loading  rates were cons tan t ,  and t h e  changes i n  t h e  system 
were recorded cont inuously.  
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FIG. 7 ADHESION TEST APPARATUS 
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111. FCESULTS AND DISCUSSION 
The experimental technique was basically the same as that discussed 
previously by Johnson (20) and Saunders (56) except for automatic loading 
and unloading techniques and the continuous recording of the data, 
versus W, with the x-y recorder. 
adhesion cycles under different surface and loading conditions. 
Contact Resistance 
RO 
The results were extracted from over 150 
Continuous recording of an entire adhesion cycle provides distinct ad- 
vantages towards a better understanding of the mechanism of adhesion through 
the recording of Ro versus load (W) as a continuous undisturbed process. 
As a consequence, a more comprehensive picture is presented of the deformation, 
adhesion and fracture of asperity junctions, formed between two metal surfaces 
in intimate contact. 
Previous experiments indicated that adhesion of ultra clean metals can 
be distinctly characterized by the shape of the Ro versus W curve. 
unloading curve reproduces the loading curve, gross adhesion was not involved 
in the interface formation. If, however, R remained constant during the 
unloading cycle as is shown in Figure 8, adhesion of the interface layers 
was involved. 
If the 
0 
These effects were fully discussed in the previous studies (19,20,56) of 
the couples Ag-Ag, Mo-Mo, Ti-Ti, Ag-W, Ag-Ni, and Cu-Ni for both clean and 
contaminated states. This investigation verifies and extends these observations, 
with the continuous recording apparatus, for the system iron-65ppm carbon, The 
investigation is also unique in that the effects of a bulk contaminant, carbon, 
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are eva lua ted  i n  d e t a i l ;  as a consequence no d e t a i l s  of t h e  e f f e c t s  of 
gaseous contaminants were recorded. Creep phenomena i n  t h e  con tac t  a r e a  
under constant  load w a s  a l s o  shown f o r  t h e  f i r s t  t i m e  by recording R 
over a p e r i o d  of t i m e  af ter  t h e  instantaneous a p p l i c a t i o n  of" t h e  load ,  
0 
I 
Figure 9 i s  a d i r e c t  reproduct ion o f  an "x-y'' p l o t  i n  which R ("y" 
0 
f u n c t i o n )  i s  p l o t t e d  versus load  ("x" func t ion )  cycle .  
shown i n  Figure 9, t h e  su r faces  were each exposed t o  seve ra l  hours of u l t r a  
high vacuum (UHV) degassing, argon i o n  bombardment and UHV anneal ing above 
1000°C. 
removed, and t h e r e f o r e  , n e a r l y  atomical ly  c l ean  i r o n  su r faces  would have 
been p resen t  provided no bulk contaminant w a s  p re sen t  i n  t h e  system, 
P r i o r  t o  t h e  cyc le  
Surface oxides and o t h e r  atmospheric contamination were completely 
The power r e l a t i o n s h i p  between R and W as expressed by equat ion 11 
suggests  t h a t  t h e  c h a r a c t e r  of  t h e  deformation process  can be b e s t  repre-  
s en ted  by a p l o t  of  l o g  R versus  l o g  W as shown i n  Figure 10, Figure 1 0  
a l s o  i n d i c a t e s  t h e  r e p r o d u c i b i l i t y  of  t he  experimental  technique s i n c e  
t h e  series of  runs 30 - 33 w a s  conducted on t h e  same contact  spot  w i th  
about t h e  same load.  A s u f f i c i e n t  number of similar series were made a t  
d i f f e r e n t  contact  s p o t s  t o  permit t h i s  group t o  be c a l l e d  a t y p i c a l  s e r i e s ,  
The r e a d e r  i s  reminded t h a t  t h e  even t s  a t  t h e  i n t e r f a c e  c o n t r i b u t i n g  t o  
t h e  c h a r a c t e r i s t i c  shape of  t h e  p l o t  involve numerous a s p e r i t i e s  of  sub- 
micron dimensions and a nominal con tac t  r a d i u s  of a few min-rons (10  cm). 
The log-log p l o t s  were e x t r a c t e d  from continuous "x-y" p l o t s  as shown i n  
Figure 9 and, as a consequence, t h e  datum p o i n t s  r ep resen t  only s i g n i f i c a n t  
p o i n t s  s e l e c t e d  from t h e  continuous curves.  
0 
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A number of s i g n i f i c a n t  f e a t u r e s  ought t o  be considered i n  t h e  
c h a r a c t e r i s t i c  shape of t h e  runs 30 - 33. 
l i g h t  l oads  seems t o  have a s lope  (log-log p l o t )  i n  t h e  range of -2 
which changes t o  about -0.4 as t h e  load  i s  increased  t o  about 1 . 6  - 1 . 7  gms. 
A t  some p o i n t  g r e a t e r  t han  2.5 gms t h e  s lope  again changes, here  t h e  va lue  
i s  -0.15 or l e s s .  The degree of s c a t t e r  can be shown approximately 
The deformation process  a t  
Stage I -2 f 0.5 s lope  
Stage 11 -0.4 f 0.1 
Stage I11 -0.15 f 0.05 
These same s t ages  seem t o  be c h a r a c t e r i s t i c  of a number of  d i f f e r e n t  s e r i e s ,  
During unloading R remains constant  t o  a po in t  of about 1 .3  grams con- 
0 
t a c t  f o r c e ,  at t h i s  l oad  t h e  s t a b l e  junc t ion  d i s i n t e g r a t e s  t o  a con tac t  
r e s i s t a n c e  va lue  approximating t h e  loading value of R as measured during 
t h e  loading  cyc le .  This aspec t  w i l l  be discussed l a t e r  based on t h e  load 
deformation mechanisms. 
0 
Let us  f i r s t  examine t h e  r o l e  played by t h e  su r face  i r r e g u l a r i t i e s  
The term, n ,  t h e  number of con tac t  p o i n t s ,  during t h e  deformation process .  
c f .  equa t ion  11 
-3 1/2 n = 6.3 x 10 W- 
C 
w i l l  vary  wi th  W i n  an unknown fash ion;  i n t u a t i v e l y  however, and i n  t h e  
l i g h t  of Will iamson's r ecen t  work, it i s  reasonable  t o  assume t h a t  n 
i nc reases  r a p i d l y  from one a s p e r i t y  a t  contac t  under extremely l i g h t  
l oads  t o  a r a t h e r  l a r g e  cons tan t  va lue .  The constancy of n a t  heavier  
loads  seems t o  be a reasonable  approximation s i n c e  t h e  number and s i z e  of 
41 
t h e  su r face  a s p e r i t i e s  are u s u a l l y  d i s t r i b u t e d  i n  a Gaussian form., A s  t h e  
h ighes t  a s p e r i t i e s '  r a d i i  are expanded, t hey  w i l l  b r ing  i n t o  a common con- 
t a c t  a r e a  t h e  adjacent  s a t e l l i t e  a s p e r i t i e s  a t  a r a t e  approximately equal  
t o  t h e  r a t e  t h a t  t h e  c e n t r a l  depression a r e a s  of t h e  apparent contac t  re -  
gion are expanding and inc luding  new a s p e r i t y  con tac t s .  I f  t h e  previous 
assumptions a r e  c o n s i s t a n t ,  t h e  va lue  of t h e  log  Ro w i l l  become d i r e c t l y  
p ropor t iona l  t o  t h e  l o g  of W when n becomes cons tan t .  This sugges ts  t h a t  
t h e  s lope  of t h e  l o g  R versus  l o g  W p lo t  i s  r e l a t e d  t o  t h e  deformation 
mechanism of t h e  a s p e r i t i e s .  
0 
From a s e r i e s  of  c a r e f u l l y  prepared photomicrographs a t  600x t h e  su r face  
of  t h e  Fe-65ppm C samples a f t e r  t h e  series of experiments,  and average model 
of  t h e  a s p e r i t y  concent ra t ion  w a s  constructed as shown: 
--- . 
Major peaks con- 
s i s t i n g  of s t e p s  
< 1 p  sepa ra t ion  @Go %rp 
If one assumes t h a t  3-5 s t e p s  w i l l  be involved i n  each major peak, t hen  t h e  
number of con tac t s  ( n )  under a l i g h t  load,  w i l l  range between 20 and 35. 
With t h i s  information l e t  us  cons ider  the p o s s i b l e  v a r i a t i o n s  of R = R 
for t h e  iron-65 ppm carbon system when loaded under t h e  terms and c o n s t r a i n t s  
of equat ion 11. 
i n  Figure 12  and a r e  p l o t t e d  under the fol lowing limits: 
C 0 
Four hypo the t i ca l  curves of l og  Rc versus  log W a r e  shown 
. 
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A - B 
C - D The number of contact po in t s  continuously inc reases  
with load: a t  0.5 gm, n = 5 ;  1 . 0  gm,  n = 10; 
1.5  gm, n = 15; 2.0 gm, n = 20; 3.0 gm, n = 30, 
E-F-D The number of contact po in t s  v a r i e s  as: 0.5 gm, n = 10;  
S ingle  poin t  contact  throughout loading:  n 1/4 = 1 
1 . 0  gm, n = 30; t h e r e a f t e r  n = 30 constant  
A-F-D The number of contact po in t s  v a r i e s  as: 0 0 5  gm, n = 1 
1.0 gm, n = 30; t h e r e a f t e r  n = 30 cons tan t  
The curve A-F-D rep resen t s  most c lose ly  t h e  condi t ions  expected i n  t h e  
experiments;  however, one should note  t h a t  t h e  poin t  a t  which n becomes 
constant  w a s  a r b i t r a r i l y  chosen as one gram. 
A comparison of t h e  t h e o r e t i c a l  curve shown i n  Figure 12 i s  made with 
run 30 from Figure 1 0  i n  Figure 13, where afdd '  i s  a reproduct ion of t h e  
observed run 30. Also p l o t t e d  on Figure 13 i s  a curve A'F'D which r ep resen t s  
an order  of magnitude displacement of curve A-F-D t o  a h igher  r e s i s t a n c e .  
For now, t h i s  displacement can be considered as simply t h e  change i n  bulk 
r e s i s t i v i t y  of t h e  i r o n  concerned from 9.7pQ-cm t o  97pn-cm which w i l l  
account f o r  t h e  two curves.  Further  explanation f o r  t h i s  change w i l l  be 
developed below. Since t h e  s h i f t  i n  pos i t i on  of A-F-D t o  A'F'D! does not  
e f f e c t  t h e  s lope  of t h e  t h e o r e t i c a l  curves,  l e t  us  compare t h e s e  with t h e  
observed curve a fdd ' .  
The s lope  of t h e  t h e o r e t i c a l  curve between A-F i s  approximately -2 
or t h a t  o f  t h e  observed d a t a  between a-f; fur thermore,  very  high s lopes  
were observed under l i g h t  l oad  f o r  near ly  a l l  of t h e  150 runs conducted 
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i n  t h i s  i n v e s t i g a t i o n .  
t o  many ( F ' )  was a r b i t r a r i l y  chosen as 0.5 gms and 1 . 0  gms,  t h i s  could 
a l s o  have been chosen t o  co inc ide  wi th  t h e  observed curve (a - f ) .  
between f d  on t h e  observed curve l i e s  i n  t h e  range -0.4 which i s  somewhat 
l e s s  t han  p red ic t ed  i n  F'D'(-O.5).  From t h e  previous equat ions and t h e  d i s -  
cuss ion  of Figure 12,  it i s  evident  t h a t  i f  t h e  number of a s p e r i t i e s  i n  con- 
t a c t  i s  inc reas ing ,  t h e  deformation s lope w i l l  i nc rease  i n  a similar manner, 
Since t h e  observed s lope  (f-d)  i s  l e s s  than t h a t  c a l c u l a t e d  a t  005 and i s  
l i n e a r ,  t h e  d i f f e r e n c e  cannot be a t t r i b u t e d  t o  a continuous change i n  t h e  
number of contac t ing  a s p e r i t i e s .  Since r e s i s t i v i t y  does not vary s i g n i f i c a n t l y  
Since t h e  change from a few a s p e r i t y  con tac t s  ( A ' )  
The s lope  
wi th  p re s su re  (71) , t h e  v a r i a t i o n  W v e e n  f and & might be accounted f o r  by 
breakthroughs i n  a contaminant l aye r ;  however, such breakthroughs would 
ab rup t ly  decrease t h e  contac t  r e s i s t a n c e  a l s o  causing non-linear i nc rease  
i n  s lope ,  again not  i n  accord wi th  t h a t  observed. Var ia t ion  i n  t h e  y i e l d  
po in t  could s h i f t  t h e  curve i n  t h e  proper d i r e c t i o n ;  however, one would 
expect a l o s s  i n  l i n e a r i t y  which i s  not  observed. 
The t h r e e  most l i k e l y  explana t ions  f o r  t h e  smal le r  s lope  a r e :  
a. That t h e  deformation process  of t h e  a s p e r i t i e s  i s  a 
mixture  of e l a s t i c  ( s lope  -0.33) and p l a s t i c  ( s l o p e  -0.50) 
processes .  
b. That su r f ace  creep i s  superimposed on t h e  deformation curve,  
c .  Surface contaminants have modified t h e  deformation process ,  
Creep has  been observed t o  expand t h e  contac t  a r ea  over  a s i g n i f i c a n t  
per iod  of t i m e ,  as i s  r epor t ed  l a t e r  i n  t h e  d i scuss ion  of Figure 15, 
. 
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The s m a l l  s l ope  observed between d and d '  i s  a l s o  a c h a r a c t e r i s t i c  
observed i n  Figure 10. 
phenomena, i .e .  where t h e  i n t e r a c t i o n  between a s p e r i t i e s  has ceased except 
f o r  c reep  and bulk e l a s t i c  support  of the  load  has ensued. It i s  i n t e r e s t i n g  
Stage I11 may s i g n i f y  t h e  beginning of bulk 
t o  no te  t h a t  t h e  s lope  of t h e  creep curves shown i n  Figure 1 5  v a r i e s  between 
0.05 and 0.18 depending on t h e  work hardening of t h e  a r e a  t e s t e d o  
s lope  of t h e  l a s t  po r t ion  of t h e  adhesion curve (F igure  IO) a l s o  v a r i e s  
between 0.05 and 0.15. 
Adhesion 
The 
Three c r i t e r i a  f o r  m e t a l l i c  adhesion have been e s t a b l i s h e d  (37)  : 
1. A load  approaching t h e  f r a c t u r e  s t r e n g t h  of t h e  weaker 
m a t e r i a l  i s  r equ i r ed  t o  f r a c t u r e  t h e  samples, 
2 .  The minimum con tac t  r e s i s t a n c e  observed a t  maximum l a a d  
on t h e  couple i s  constant  wi th  unloading t o ,  o r  very  near  
t o ,  t h e  p o i n t  of j unc t ion  f a i l u r e  
3. The contac t  r e s i s t a n c e  values  a r e  s t a b l e  even under 
extremely l i g h t  l oad ing .  
These c r i t e r i a  were not met by the  ma jo r i ty  of t h e  adhesion cyc les  
performed during t h i s  experiment as shown by t h o s e  presented  i n  Figure 10, 
It i s  ev ident  from t h e s e  curves,  i f  we accept  t h e  second c r i t e r i a  as being 
s i g n i f i c a n t ,  t h a t  f r a c t u r e  u s u a l l y  occurred a t  about 1 .3  gms compressive 
load .  
Previous workers ( 2 )  have pos tu l a t ed  an inherent  build-up of e l a s t i c  
s t r e s s e s  which a r e  recovered by t h e  system upon r e l e a s e  of t h e  l o a d s ,  however, 
s t u d i e s  by Johnson (19,20) and Saunders ( 5 6 ) ,  and t h e  proposed e x p e r h e n t a l  
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model ( c f .  Sec t ion  I )  suggest t h a t  pure metal-metal contac t  does not permit 
t h e  loss  of any e l a s t i c  s t r e s s  by a reduct ion i n  contac t  a r e a ,  I n  t h i s  
l i g h t ,  l e t  u s  examine a poss ib l e  mechanism f o r  producing t h e  curves shown 
i n  Figure 10. A s  t h e  load  on t h e  junc t ion  passes  t h e  m a x i m u m  po in t  and 
begins  t o  slowly decrease ,  t h e  energy t o  spring-back, o r  t o  r e l e a s e  t h e  
e l a s t i c  s t r e s s e s ,  i s  accumulated along t h e  i n t e r f a c e .  A s t a b l e  i n t e r f a z e ,  
e .g .  u l t r a  pure meta ls ,  surv ives  t h e  f u l l  unloading cyc le  and R i s  cons t an t ,  
With a b r i t t l e  phase i n  t h e  i n t e r f a c e  t h a t  cannot support  t h e  r e l eased  
e l a s t i c  s t r e s s e s ,  f r a c t u r e  w i l l  t a k e  place a t  a load  represent ing  s u f f i c i e n t  
energy build-up; even though t h e  system i s  s t i l l  under compression, When 
extremely weak adhesive f o r c e s  a r e  present  i n  t h e  i n t e r f a c e ,  t h e  unloading 
curve superimposes on t h e  loading  curve as previous ly  d iscussed ,  
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The l a t t e r  can be considered t o  be an extreme case  of  our observa t ions  
wi th  t h e  r e l a t i v e l y  c l ean  su r faces  of t h i s  i n v e s t i g a t i o n ,  The model which 
cons iders  t h e  ex i s t ance  of a b r i t t l e  phase a t  t h e  i n t e r f a c e  can be r e l a t e d  
t o  only  one impuri ty ,  carbon, s ince  the re  a r e  i n s u f f i c i e n t  o t h e r  impur i t i e s  
p re sen t  t o  form a monolayer. Contamination from e i t h e r  t h e  gas phase or 
s u r f a c e  c reep  w a s  r u l e d  out  s i n c e  over 20 argon ion  bombardments and UHV 
annea ls  were performed on t h e  system between t e s t  s e r i e s  which d i d  not  
appear t o  a l ter  t h e  r e s u l t s .  
Let u s  examine t h e  metal lurgy of the system and a d d i t i o n a l  evidence 
f o r  t h e  case of carbon as t h e  most l i k e l y  suspect  f o r  contamination, The 
s o l u b i l i t y  of carbon i n  pure a- i ron v a r i e s  wi th  3emperature a s  fol lows (64): 
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- T°C ppm carbon 
723 950" ( eu tec to id  temperature)  
713 900 
606 430 
534 230 
468 130 
RT 10 
"0.02 weight percent  carbon 
Upon cool ing an u l t r a  pure iron-carbon a l l o y  a t  any carbon concentrat ion 
g r e a t e r  t h a n  20 ppm carbon and less than 950 ppm c a r b m  from t h e  anneal ing 
temperatures  of t h e  experiment, i . e .  > 1000°C a t  a e m l i n g  rate of less 
than  0.3°C/sec, t o  room temperature,  where t h e  adhesign experiments are 
conducted, a p r e c i p i t a t e  of Fe C o r  Fe C would be generated as t h e  m a x i m u m  
s o l u b i l i t y  l i m i t  i s  exceeded. The f i n a l  system w i l l  cons i s t  of a-Fe g r a i n s  
with l e s s  t han  1 0  ppm carbon i n  s o l u t i o n  s i n c e  t h e  very slcw enoling r a t e  
would most probably permit cond i t ions  very c l o s e  t o  equi l ibr ium t o  p r e v a i i ,  
and t h e  ca rb ide  p r e c i p i t a t e  which forms i n  t h e  sub and g r a i n  boundaries 
as w e l l  as i n  f r e e  su r faces .  The k i n e t i c s  and morphology of t h i s  p r e c i p i t a t i o n  
process  a t  carbon concentrat ions between 600-900 ppm carbon have been care- 
f u l l y  s t u d i e d  by s e v e r a l  i n v e s t i g a t o r s  as i s  conveniently reviewed by 
C h r i s t i a n  (65 )  and Hue-Rothery ( 6 4 ) .  
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The p r e c i p i t a t e  nuc lea t e s  i n  t h e  
i n t e r n a l  and e x t e r n a l  su r f ace  regions p r i n c i p a l l y  because t h e s e  r eg ions  
o f f e r  t h e  least r e s i s t a n c e  t o  t h e  s t r a i n  developed i n  t h e  l a t t i c e  as t h e  
new p a r t i c l e  grows, e .g .  t h e  free energy i s  l e s s  because l a t t i c e  s t r a i n  is  
less  i n  t h e s e  r eg ions  of c r y s t a l  d i so rde r .  
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The f r e e  energy d r i v i n g  f o r c e  t o  form t h e  carb ide  p a r t i c l e  a t  t h e  
i n t e r f a c e s  f a r  exceeds t h e  energy dr iv ing  f o r c e  t o  permit t h e  p a r t i c l e  
t o  r e d i s s o l v e  i n  t h e  matrix a f t e r  a c e r t a i n  c r i t i c a l  embryo diameter 
(micro-prec ip i ta te  p a r t i c l e )  i s  achieved (65 )  ; as a consequence, "uph i l l "  
d i f f u s i o n  i n  second phase t ransformation k i n e t i c s  i s  a most common phenomena, 
By "uph i l l "  d i f f u s i o n  (65 )  we  mean d i f f u s i o n  aga ins t  a concentpat ion g rad ien t  
such as 65 ppm carbon-iron forming carbide p a r t i c l e s  whfch a r e  25 A/o carbon. 
(250,000 ppm carbon) .  
I n  an  a l l o y  of 65 ppm carbon-iron, t h e  volume percent  of carb ide  i s  
l e s s  t han  0.01% and as a consequence p e a r l i t e  co lon ie s  as observed e u t e e t a i d  
s t e e l  (36,100 ppm carbon) would not be expected t o  be observed s i n c e  t h e  
co lonies  are a product of t h e  eu tec to id  r e a c t i o n  (duplex growth, o r  p rec ip i -  
t a t i o n )  r a t h e r  t han  gene ra l  p r e c i p i t a t i o n  as descr ibed  above (65 1 
Martens i te  has  been observed ( 6 6 )  i n  i r o n  conta in ing  100 ppm carbon; 
however, t h i s  m a t e r i a l  i s  only prepared i f  t h e  quenching r a t e  exceeds 
3.5 x 1 0  deg C/sec. Since our equipment permits  on ly  0.3 deg C/see, 
l i t t l e  concern over t h e  presence of mar tens i te  has been made. 
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The time-temperature r e l a t i o n s  which are necessary t o  a l low carbon t o  
d i f f u s e  t o  an e x t e r n a l  su r f ace  of  t h e  system a r e  a l s o  important ,  Since t h e  
d i f f u s i o n  d i s t ance  of carbon i n  i r o n  i s  approximately r e l a t e d  t o  t h e  m, 
where t i s  t h e  exposure t i m e  and D i s  the  d i f f u s i v i t y  which i s  a t  l e a s t  
cm2/sec a t  1000°C ( 6 4 ) ,  an est imate  of t h e  t ime it would t a k e  t o  d i f -  
f u s e  a carbon atom from t h e  c e n t e r  o f  the  wire  sample (0 ,15  cm OD)  t o  t h e  
su r face  under a 1000°C anneal  would be approximately 1 .5  hours. A s  pre- 
. 
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v i o u s l y  i n d i c a t e d ,  t h e  condi t ions of anneal were more r igo rous  than  t h i s  
conse rva t ive  estimate s i n c e  longer  times were employed a t  higher  temperatures.  
I n  conclusion,  t h e  m e t a l l u r g i c a l  f a c t o r s  which would p l a c e  a higher  
concen t r a t ion  of  carbon i n  t h e  s u r f i c i a l  layers, i , e ,  carbides  Fe C 
(250,000 ppm carbon) o r  Fe2C (330,000 ppm carbon) of an i r o n  sample con- 
t a i n i n g  65 ppm of carbon, appears t o  be c o n s i s t e n t  with t h e  proposed ob- 
s e r v a t i o n .  
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D r s .  P. Sewell and D. Mitche l l  of the chemistry branch of t h e  National 
Research Council of  Canada (67)  claimed i n  a r ecen t  discussion t o  have 
p o s i t i v e  high energy e l e c t r o n  d i f f r a c t i o n  (HEED) (Ultra High Vacuum) 
evidence t h a t  carbon w i l l  concen t r a t e  i n  t h e  su r face  l a y e r s  of u l t r a  pure 
i r o n  w i t h  carbon concentrat ions below 100 ppm, Although t h e  u l t i m a t e  t e s t ,  
i . e .  u t i l i z i n g  t h e  HEED with an x-ray analyzer ,  has not y e t  been emplcyed 
on i r o n ,  t h e  evidence from extremely c a r e f u l  e l e c t r o n  d i f f r a c t f o n  s t u d i e s  
l e a v e s  no doubt i n  t h e i r  mind as t o  the  presence of excess concentrat ions 
i n  t h e  su r face .  The s t r e n g t h  of  t h e i r  observat ions w a s  magnified by t h e  
obse rva t ions  of D r s .  D. Kaplan and R. Hussy of t h e  same l a b o r a t o r y  (68) 
s tudying 1000 ppm carbon-iron which was sub jec t ed  t o  a 7 O O 0 C  hydrogen 
t reatment  by an u l t r a  high vacuum degas which permit ted what w a s  c a l l e d  
a "massive" overgrowth of Fe C t o  form a t  t h e  su r face  at t h e  expense of 
sublayer  deca rbur i za t ion .  The c r y s t a l  s t r u c t u r e  of Fe C w a s  p o s i t i v e l y  
i d e n t i f i e d  by e l e c t r o n  d i f f r a c t i o n  and the  deca rbur i za t ion  of  t h e  l a y e r s  
immediately below t h e  su r face  by o p t i c a l  t echn iqueso  The presence of su r face  
excess  concen t r a t ion  of  carbon has  a l s o  been observed and i d e n t i f i e d  i n  
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several o t h e r  t r a n s i t i o n  metals including tungs t en  and molybdenum, Since 
t h e s e  s t u d i e s ,  f o r  t h e  most p a r t ,  were conducted under extremely i d e a l  
cond i t ions ,  e .g .  u l t r a  high vacuum i o n  pumped system, by w e l l  e s t a b l i s h e d  
su r face  r e s e a r c h e r s ,  it w a s  g e n e r a l l y  assumed t h a t  t h e  carbon o r i g i n a t e d  
from w i t h i n  t h e  sample, similar t o  t h e  case  of t ungs t en  (42) where t h e  
proof i s  most r e a d i l y  a t t a i n e d  by f l a s h i n g  t h e  metal t o  2000°K i n  t h e  presence 
o f  oxygen and monitoring t h e  inc rease  in  carbon monoxide concentratfon i n  
t h e  system by mass spectrometr ic  techniques and r egene ra t ing  a carbon su r face  
by anneal ing.  
The f i r s t  c y r s t a l s  of i r o n  prepared f o r  D r s ,  A, Pignocco and G o  P e l l i s i e r  
(69 )  of U.S .  S t e e l  f o r  u se  i n  t h e i r  low energy electyon d i f f r a c t i o n  (LEED) 
experiments were a c c i d e n t a l l y  contaminated with 200 ppm carbon from a carbon 
f i lament  furnace.  The r e s u l t i n g  LEED p a t t e r n s  were most complex and could 
not  be r e l a t e d  t o  e i t h e r  cc(body centered c u b i c )  o r  y';face centered cub ic )  
i r o n  c r y s t a l s  even through extensive argon ion  cleaning;  concen t r a t ion  w a s  
de t ec t ed ,  however, when a c r y s t a l  o f  l e s s  t han  10 ppm carbon w a s  s u b s t i t u t e d ,  
t h e  proper  r e s p e c t i v e  c r y s t a l  p a t t e r n s  were observed and t h e  o r i g i n a l  oxida- 
t i o n  s tudy undertaken. I n  t h e  f i r s t  200 ppm carbon atoms s t a t i s t i c a l l y  d i s -  
t r i b u t e d  i n  an i r o n  s u r f a c e  would not  i n t e r r u p t  a normal LEED r e f l e c t i o n  
p a t t e r n  expected from a c r y s t a l  of i r o n  as discussed by MacRae ( 3 2 ) ;  t h e r e -  
f o r e ,  it must be assumed t h a t  t h e  material p re sen t  i n  t h e  su r face  which 
causes a complete l o s s  of t h e  i r o n  c r y s t a l  i s  p resen t  i n  a very high concen- 
t r a t i o n s  and i s  most probably carbon i n  t h e  form of c a r b i d e s ,  
It i s  a r e l a t i v e l y  simple process  t o  i l l u s t r a t e  why Pignocco ind i -  
c a t e d  t h a t  l i t t l e  or no problem with surface carbon concentrat ion was 
observed when t h e  bulk concentrat ion of carbon dropped below 1 0  ppm, 
L e t  us examine a case similar t o  our experimental sample (0,15 mm OD wire ,  
2 cm long)  contaminated with 65 ppm carbon i n  which all of  t h e  carbon 
r e s i d e d  i n  t h e  o u t e r  su r f ace  l a y e r s  i n  t h e  form of Fe C ,  Under such 
circumstances enough carbon i s  p resen t  f o r  t h e  f i r s t  10 o r  s o  a tcmiz  layers 
t o  be f i l l e d ;  t h u s ,  i f  t h e  concentration f e l l  below 10  ppm carbon only one 
monolayer of  carbon compound could r e s u l t  which would probably be most 
i n e f f i c i e n t  i n  i n t e r r u p t i n g  s u r f a c e s  processes 
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Fur the r  support  f o r  t h e  proposi t ion of ca rb ide  formation i n  t h e  i n t e r -  
f a c e  boundary i s  provided by t h e  observed con tac t  r e s i s t a n c e  (R ) d a t a ,  
I n  Figure 13, a s h i f t  of  one o r d e r  o f  magnitude w a s  r eqz i r ed  t o  c o r r e l a t e  
t h e  t h e o r e t i c a l  curve (AFD) with t h e  observed curve ( a f d ) ,  e o g o  a move 
t o  A ' F ' D ' .  Curve AFD w a s  de r ived  under t h e  assumption t h a t  u l t r a  pure 
i r o n  w a s  t h e  material i n  t h e  i n t e r f a c e ,  i , e .  a r e s i s t i v i t y  of  9.7pn-cn, 
If i n s t e a d  t h e  i n t e r f a c e  material w a s  carbon r i c h  i r o n ,  a s h i f t  i n  t h e  
bulk r e s i s t i v i t y  must be made t o  account for t h i s  change, 
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The b e s t  a v a i l a b l e  d a t a  on t h e  bulk r e s i s t i v i t y  of iron-carbon alloys 
(72 )  g i v e s  a value of 97pQ-cm ( t h a t  r equ i r ed  t o  c o r r e l a t e  t h e  above curves)  
a t  a carbon concen t r a t ion  of about 4 w/o, e .g .  hypereutectoid iron-carbon 
a l l o y s .  Although t h e  t y p i c a l  curves obtained resembled Figures  1 0  and 11, 
t h e r e  were i s o l a t e d  i n s t a n c e s  where experimental observat ion ind ica t ed  re-  
s i s t a n c e  va lues  c l o s e  t o  t h e  low values expected f o r  pure irm ( i n s i g n i f i c a n t  
c 
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carb ides  present  i n  i n t e r f a c e ) ,  i n  these  cases  m e t a l l i c  adhesion character-  
i s t i c  of t h e  bulk metal was observed. Since t h e s e  r e s u l t s  were not  re- 
producib le ,  a sepa ra t e  s tudy i s  underway u t i l i z i n g  i r o n  - 8 ppm carbon. 
I n  summary l e t  us descr ibe  t h e  o v e r a l l  m e t a l l i c  adhesion process  
which we  have considered thus  f a r .  There appears t o  be t h r e e  areas of 
primary concern i n  such a desc r ip t ion :  
1. The pre-contact phys ica l  and chemical na tu re  of t n e  sur face  
must be c l e a r l y  def ined.  
2 .  Asperi ty  deformation processes  under load must be understood 
t o  provide an accura te  desc r ip t ion  of t h e  t r u e  contac t  area. 
3. The unloading curve t o  the  po in t  of f r a c t u r e  must be c l e a r l y  
represented .  
An examination of  t h e  o v e r a l l  mechanism w i l l  show how each of t h e s e  
f a c e t s  are i n t e r r e l a t e d .  For example, Figure 1 4  r ep resen t s  a hypothe t ica l  
l oad  (W) versus contact  area ( A )  curve f o r  two i d e a l l y  e l a s t i c  crossed rods ,  
which i s  d i r e c t l y  re la ted t o  t h e  observed Ro versus W curves discussed 
previous ly .  Three poss ib l e  cases  can be c i t e d  when t h e  contac t  system 
i s  unloaded, depending on condi t ions  e x i s t i n g  i n  t h e  i n t e r f a c e .  These 
are i l l u s t r a t e d  i n  Figure 1 4 .  
t h r e e  cases .  
The load cycle  0 t o  S i s  t h e  same f o r  a l l  
Case I - No a t t r a c t i v e  fo rces  along t h e  i n t e r f a c e .  Frac ture  w i l l  
proceed along curve S-0 t o  0 a t  zero load .  This has been 
observed with f u l l y  contqninated couples ,  i . e .  under ambient 
condi t ions .  
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Case I1 - I n t e r f a c i a l  a t t r a c t i v e  forces  a r e  equivalent, t o  t h e  
F rac tu re  w i l l  proceed along s t r e n g t h  of t h e  bulk metal .  
curve S-T-V as t h e  l o a d  is reduced from compressive t o  
t h e  t e n s i l e  mode. F rac tu re  takes  p l a c e  a t  V, This t y p e  w a s  
a l s o  observed experimental ly  under cond i t ions  which approximate 
t h e  i d e a l  adhesion system as discussed i n  t h e  in t roduc t ion ,  
Case I11 - Weak a t t r a c t i v e  f o r c e s  e x i s t  along t h e  i n t e r f a c e ,  The 
f r a c t u r e  curve w i l l  proceed along S-T-U-0, This curve i s  
i l l u s t r a t e d  by Figure 9 o f  t h i s  s tudy,  i n  which i r o n  and ca rb ides  
are p resen t  i n  t h e  i n t e r f a c e .  
Case I i s  probably an extreme o f  Case 111, where a very weak i n t e r f a c e  
c o n s t i t u e n t  obscures t h e  f r a c t u r e  s t eps  a c t u a l l y  p r e s e n t ,  The i n t e r e s t i n g  
p o i n t  i l l u s t r a t e d  by Case I11 i s  t h a t  f r a c t u r e  can occur while t h e  e n t i r e  
system i s  s t i l l  under an appl ied compressive l o a d ,  
c a l l e d  t h i s  phenomena a " r e l e a s e  of e l a s t i c  s t r e s s e s " "  
reduced along S-T, t h e  e l a s t i c  system attempts t o  r e s t o r e  i t se l f '  t o  i t s '  
o r i g i n a l  shape, e.g. a t  p o s i t i o n  U;  however, due t o  t h e  binding s t r e n g t h  
of t h e  material i n  t h e  i n t e r f a c e ,  the  r e s t o r a t i o n  i s  r e t a r d e d  and t h e  area 
h e l d  cons t an t  t o  p o s i t i o n  T. Balance is maintained,  e.g.  t h e  c e n t r a l  area 
of  t h e  i n t e r f a c e  i s  i n  compression ( U )  and o u t e r  edges under t e n s i o n  due 
t o  t h e  e l a s t i c  r e s t o r a t i o n  f o r c e ,  u n t i l  a crack i s  i n i t i a t e d  i n  t h e  outer-  
per imeter  of t h e  i n t e r f a c e  zone. A t  t h a t  p o i n t  t h e  system r e s t o r e s  i t s e l f  
t o  p o i n t  U by propagating a crack which causes t h e  a r e a  (as seen form 
p r o j e c t i o n  on 0-Wl) t o  decrease from T t o  U. 
Bowden and Tabor ( 2 )  
A s  t h e  load i s  
Point  U* Point  S Point  T Point  U 
Loading Maximum Load Unloading Restored 
( WIAl 1 ( W2A2 ( W1A2 ( WIAl 
*Points refer t o  Figure 1 4  
If t h e  load  i n  gn i d e a l  adhesion sys t em i s  reduced along S-T t o  W=O; 
t h e  i n t e r f a c e  i s  under a t e n s i l e  s t r e s s  aprroximated by t,he a r e a  of  t h e  
t r i a n g l e  OSW, which i n  t u r n  suggests  t h a t  t h e  f r a c t u r e  po in t  V i s  less  
than  t h e  t r u e  f r a c t u r e  s t r e s s  of t h e  bulk material by t h e  amount of int .erna1 
stress p resen t  a t  zero app l i ed  load. 
The cyc le  U-S-T-U can be app l i ed  t o  a p r a c t i c a l  problem c a l l e d  " f r e t t i n g , "  
where a f i n i t e  degree of f r a c t u r e  i s  observed even though t h e  o v e r a l l  system 
i s  continuously under a compressive load during each cyc le ,  It i s  obvious 
t h a t  c l ean  material su r faces  would be exposed when t h e  f r a c t u r e  t akes  p l ace  
along t h e  i n t e r f a c e  during s t e p  UT. 
A d e t a i l e d  mathematical a n a l y s i s  f o r  a s p e c i f i c  system cf t h e  f r a c t u r e  
mechanics j u s t  o u t l i n e d  i s  beyond t h e  scope of t h i s  i n v e s t i g a t i o n  but  s h a l l  
be d e l t  with a t  a l a t e r  time. 
Creep 
Although t h e  prime purpose of t h i s  i n v e s t i g a t i o n  d i d  not  i n t end  t o  
include t h e  process  of creep i n  t h e  formation of an i n t e r f a c e ,  p re l imina ry  
s t u d i e s  were i n i t i a t e d .  A s i g n i f i c a n t  amount of creep w a s  observed i n  t h e  
loaded i n t e r f a c e  at room temperature,  e.g. Oo17 Tmp. This process  cor- 
responds t o  what Tabor (61)  has described as " junc t ion  growth" of two 
con tac t ing  surfac,@ subjected t o  a load for  a pe r iod  of t i m e ,  
. 
* 
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The creep process  a l s o  l ends  credance t o  t h e  proposed model of rough 
su r face  con tac t  phenomena when two surfaces  are brought t o g e t h e r ,  i o e .  
p l a s t i c  deformation of a s p e r i t i e s  as micro-deformation and e l a s t i c  o r  
p l a s t i c  macro-deformation. Creep had not been considered p rev ious ly  for 
two bodies  i n  e l a s t i c  (macro) con tac t  s ince it w a s  thought t h a t  t h e  p l a s t i c i t y  
of  t h e  material must be involved i n  t h e  creep p rocess ,  We can  now consider  
t h e  c reep  process  of t h e  a s p e r i t i e s  which were p l a s t i c a l l y  deformed, even 
though t h e  bulk e l a s t i c  po in t  had not  been exceeded, 
Figure 15  shows e i g h t  s epa ra t e  runs i n  which l o g  R ve r sus  time is 
0 
p l o t t e d .  
continuous "x-y" curve obtained from the  run,  
d i sp l aced  i n  t r a n s f e r  a t  t h e  one second t i m e  coordinate  such t h a t  a l l  
curves are superimposed a t  t h e  po in t  one second, The rea l  dev ia t ion  from 
175 mill iohms 
for t h e  s h i f t  i s  given below, 
Again each datum p o i n t  r e f e r s  t o  a t r a n s f e r  po in t  fyom t h e  
The observed curves were 
(1 s e c )  f o r  a l l  runs was * 1 2  mill ihoms, and t h e  reason 
The runs were consecutive from 1 1 6  t o  123; 116 w a s  t h e  f i r s t  on t h e  
new con tac t  p o i n t  and 123 w a s  t h e  eighth on t h e  same p o i n t .  The f l a t t e n i n g  
t r e n d  of t h e  s lopes  suggests  t h a t  a work hardening process  has taken p l a c e ,  
Several  a d d i t i o n a l  runs of t h i s  t ype  of s e r i e s  gave g e n e r a l l y  t h e  same t y p e  
o f  curve.  
A b r i e f  a n a l y s i s  of t h i s  process  w i l l  i l l u s t r a t e  t h e  p o s s i b i l i t i e s  
Consider a r e l a t i o n s h i p  o f  a s tudy  of creep i n  a more d e t a i l e d  manner, 
similar t o  t h a t  develped i n  equation 8 ,  i n  which t h e  area given by Holms 
r e l a t i o n  (AI) i s  r e l a t e d  t o  t h e  t r u e  area ( % ) o  If t h e  t r u e  area i s  
h 
v) 
W > a 
3 o 
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w 
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W o z 
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s tud ied  as a func t ion  of t i m e ,  Tabor ( 7 0 )  has shown t h a t  
EQUATTGN 12 W % = P  
where W i s  t h e  load  and P i s  t h e  y i e l d  pressure  i n  hardness s t u d i e s ,  
Furthermore, P i s  r e l a t e d  t o  t i m e  ( t )  by 
- l / m  P = Alt  
where 
A5 = system constant  
Q = Act iva t ion  energy of creep 
R = Universal  constant  
T = Absolute temperature 
m = Mechanical deformation constant  
by s u b s t i t u t i o n  
EQUATION 13 
By proceeding as i l l u s t r a t e d  i n  t h e  in t roduct ion ,  c f ,  equat ion 8 ,  and 
making use of t h e  t i m e  dependent equation w e  a r r i v e  a t  a r e l a t i o n s h i p  
between R and t .  
C 
where 
2 
5.6n 
A T P  wA1 
2 = + ~ q  = constant  
P = Bulk r e s i s t i v i t y  
-1/2m Rc = A2t  EQUATION 14 
n = Number o f  contac t  po in t s  
W = Load 
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By choosing t h e  load  i n  t h e  c reep  experiment t o  exceed t h e  load  (1.3gm) 
where t h e  number of con tac t  p o i n t s  become cons tan t ,  t ime becomes t h e  only 
major v a r i a b l e  i n  t h e  expression.  The s lopes of t h e  va r ious  creep curves 
shown i n  Figure 1 5  range from -0.2 f o r  t h e  new contact  p o i n t s  and -O,O5 
f o r  t h e  m u l t i  contact  p o r t i o n  of t h e  curves. This suggests  t h a t  t h e  value 
of m must vary between 2.5 ( f o r  t h e  d u c t i l e  deformation p rocess )  and 1 0  
(for t h e  work hardening p r o c e s s ) .  
suggested by Tabor ( 7 0 ) .  
These va lues  are c o n s i s t e n t  w i t h  values 
The creep i n v e s t i g a t i o n s  were no t  intended t o  be exhaust ive;  and the re -  
f o r e ,  t h e  only v a l i d  conclusion t h a t  can be drawn from t h e  d a t a  and cor- 
r e l a t i o n s  i s  t h a t  a technique has been developed which shows much promise 
f o r  t h e  s tudy of i n t e r f a c i a l  deformation phenomena. 
poss ib ly  develop t h e  mechanism of  contaminant l a y e r  - real  su r face  deforma- 
t i o n  processes ,  as w e l l  as t h e  a c t i v a t i o n  energy for creep i n  t h e  su r face  
l a y e r s  
The technique could 
1 .) 61 
: -  
I V .  CONCLUSIONS AND RECOMMENDATIONS 
1. 
an automatic continuous recording technique 
2 .  The s lopes  of t h e  log-contact r e s i s t a n c e  (R ) ver sus  t h e  log-load ( W )  
Reproducible adhesion d a t a  has been provided by t h e  development of 
0 
I curves were shown t o  c l o s e l y  r e l a t e  t o  t h e o r e t i c a l  curves which consider  
I su r face  a s p e r i t y  i n t e r a c t i o n s  as a continuous p l a s t i c  p rocesso  Micro- 
e l a s t i c  and mic rop la s t i c  a s p e r i t y  deformation phenomena are p resen t  i n  
I t h e  con tac t  i n t e r f a c e  although t h e  bulk p l a s t i c  y i e l d  s t r e n g t h  of t h e  
material  w a s  not  exceeded. 
It i s  recommended t h a t  t h e  absolute  va lues  of t h e  observed r e s i s t a n c e  
be f u r t h e r  i n v e s t i g a t e d  t o  determine i f  their  c h a r a c t e r  i s  s t r i c t l y  m e t a l l i c  
as assumed. This can be accomplished by s t u d i e s  employing cryogenic temper- 
a t u r e s  (Matthiessen 's  Rule) and a l t e r n a t i n g  c u r r e n t ,  Microscopic and new 
ins t rumen ta l  methods are needed t o  g ive  a c l e a r e r  p i c t u r e  of t h e  mathematic 
model of t h e  a s p e r i t i e s ,  Such s t u d i e s  w i l l  provide a more p r e c i s e  under- 
s tanding of t h e  con tac t  area and inc lus ive  material. 
3 .  Gross m e t a l l i c  adhesion i s  no t  c h a r a c t e r i s t i c  of  t h e  iron-65ppm carbon 
couple i n  t h e  system i n v e s t i g a t e d .  Contamination of  t h e  sample su r faces  by 
carbon, i n  t h e  form of carbides  from i n t e r n a l  sources ,  appears t o  b e  a 
reasonable  explanat ion f o r  t h e  b a r r i e r  t o  adhesion i n  t h e  system, 
I n v e s t i g a t i o n s  u t i l i z i n g  v a r i a t i o n s  of  t h e  i n i t i a l  carbon content of 
t h e  specimens (bo th  lower and higher ppm carbon) a r e  necessary t o  v e r i f y  
and expand t h e  contamination model and adhesion c h a r a c t e r i s t i c s  prDposed 
f o r  t h e  system. Gaseous removal and deposi t ion of carbon o r  o t h e r  contaminants 
. 
T n  cc 
on t h e  s u r f a c e ,  accompanied by spectrographic a n a l y s i s ,  w i l l  prove most 
u s e f u l  i n  t h i s  ca se ,  as w e l l  as high energy e l e c t r o n  d i f f r a c t i o n  s t u d i e s ,  
A l so ,  by varying t h e  temperature of t he  loaded couple and recording t h e  
f r a c t u r e  process ,  information can be provided as t o  t h e  s o l u b i l i t y  of 
contaminants i n  t h e  ma t r ix  along t h e  i n t e r f a c e  p l ane ,  This would be 
very u s e f u l  i n  l u b r i c a t i o n  s t u d i e s .  
4. Creep has been found t o  be a c h a r a c t e r i s t i c  of t h e  contact  
even under extremely l i g h t  loading and ambient temperature con 
region 
i t  ions I 
The c o e f f i c i e n t s  de r ived  from con tac t  r e s i s t a n c e  versus t ime p l o t s  i n d i c a t e  
a p l a s t i c  mechanism p resen t  i n  a s p e r i t y  phenomena which agrees  with values  
from bulk p l a s t i c  creep da ta .  
A d e t a i l e d  a n a l y s i s  of t h e  creep process should y i e l d  values f o r  
a c t i v a t i o n  ene rg ie s  of  creep i n  t h e  i n t e r f a c e  r eg ion ,  Analysis of t h e  
e f f e c t s  of su r face  contaminants on creep would a l s o  produce much needed 
informat i o n  
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